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INTRODUCTORY REMARKS 


By Leonell C. Strong 
Biological Station, Roswell Park Memorial Institute, Springville, N. Y. 


This monograph embodies three purposes: (1) to review the historical 
svelopment of the genetic concept for the origin of cancer, (2) to introduce 
sw observations in the genetics of cancer, and (3) to give an opportunity to 
her scientists using different techniques to report their findings in order to 
scertain whether these discoveries are complementary or antagonistic to a 
snetic concept. 

‘The role of genetics in the study of cancer is twofold: (1) to investigate the 
ossibility of a host or constitutional influence on cancer susceptibility and 
ancer resistance, and (2) to visualize the intrinsic or cellular changes, in 
ontrast to the extrinsic or environmental influences, involved in the origin 
f the cancer cell from a somatic one. 

The term intrinsic or cellular change is to be interpreted from the beginning 
a very general terms. Since there are several distinctive processes, such as 
aorphogenesis and mutations, in cellular behaviors in normal physiology, all 
hese phenomena are considered in this publication. Beginning with so-called 
joint mutations and disturbances of the spacial relationships existing between 
enes by such changes as inversions, translocations, losses or additions of 
vhole chromosomes, many other changes also are discussed. Alterations in 
he cytoplasmic components are considered. This complex situation of bio- 
ogical forces is further resolved by the various contributors. 

I hope that the availability of this material in a single monograph will 
nake possible a synthesis of the many and varied contributions bearing upon 


he origin of cancer. 
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GENETIC CONCEPT FOR THE ORIGIN OF CANCER: 
HISTORICAL REVIEW* 


en ane GTR + EH paennniottnans 


By Leonell C. Strong 
Biological Station, Roswell Park Memorial Institute, Springville, N. Y. 


The genetic concept for the origin of cancer is an old one. It has be 
used merely as a suggestion (Murray, 190848) and only after the exclusion 0 
other possibilities (Tyzzer, 19167*). Boveri,!2 however, anticipated thes 
investigators by many years. Noting the presence of atypical cell divisions 
in embryonic and other tissues, he reasoned that these aberrant mitoses would 
lead to aberrations in the number of chromosomes and that some of thes 
imbalanced cells, under certain conditions, might lead to aberrations 
growth and hence to cancer, which is considered by many scientists to be : 
form of atypical growth. Boveri’s concept has been ignored or neglected! 
almost from its conception, but is now receiving consideration, particularly 
from the findings with the ascites tumors determined by George and Evai 
Klein**° in Stockholm, Sweden, Yoshida’* in Tokyo, Japan, Hauschka? int 
Buffalo, N. Y., Levan** *° in Lund, Sweden, and many other investigators. , 
In 1933, Henschen*? published a brief review of the subject of the mutation 
concept, citing some of the earlier opinions of D. von Hansemann, Boveri, 
and A. P. Dustin. | 

The genetic concept for the mutation idea as a causative principle in, 
the origin of cancer has been discussed, pro and con, by a number of investi- : 
gators. Since cancer arises in somatic tissue, the attempt has been made to: 
distinguish sharply between a somatic mutation and a germinal one.” 17 
The distinction, however, is not an absolute one since, especially in plant | 
material, noticeably in chrysanthemums, the ability of the plant to undergo’ 
somatic mutations is under gene control.!8 The major development in the 
mutation concept in relation to the origin of cancer was done, about the 
same time, by Bauer’ in Germany and by myself®* 6 in the United States. 
Bauer based his conclusion on a study of human material, whereas Strong 
was the first to obtain data on the transplantation of cancerous tissue in mice 
that could be interpreted in terms of somatic mutations (sudden changes in | 
the growth capacities and histological characteristics of neoplastic tissues. 


. 


* The investigation reported in this paper has been aided in part by grants administered 


through Health Research, Inc., from the National Cancer Institute, Public Health Service, 
Bethesda, Md., and from The Committee on Growth of the National Research Council, | 
Washington, D. C., acting for The American Cancer Society, New York, N. Y. 

This manuscript was prepared in 1955 to serve as a series 
Institute, Stockholm, Sweden. Advances in the fields of gen 


pinions accordingly. For their latest interpre-_ 
tations see Amos s article “Genetic Studies on Tumor Immunity,” elsewhere in this mono- — 
graph, and their article ‘“Cytogenic Aspects of Compatibility,” in Annals of The New York 
Academy of Sciences, Volume 69, Article 4, - 
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rpetuated by cell division from the point of origin and remaining stable 
rt many generations). 

The development of the original inbred strains of mice®® such as the A, 
3H, CBA made this contribution on the transplantable tumor possible. 
In 1926 it was discovered® ®4 that the changes in the transplantability 
aracteristics of the cancerous tissue underwent sudden and unpredictable 


'Frcure 1. Histological comparison of two transplanted tumors, dBrA and dBrB. 
The dBrA tumor showed 


‘These tumors arose spontaneously in two mice of the D strain. 
a3 Mendelian factor ratio, whereas dBrB gave a 2 factor ratio. 


periodic changes that were relatively permanent from the point of origin 
(eicurEs 1, 2, and 3; TABLES 1, 2, and 3). Thus, highly specific tumors 
showed a very large number of genes in the constitution of the host that must 
be simultaneously present for the continued growth of the tumor. With time 
| and sufficient numbers of suitable genetically controlled animals, a tumor 
showing a five Mendelian factor ratio thus changed to a derived tumor 
dependent upon four, then upon three, then upon two, then upon one, and 


Sh ite» 
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finally the tumor would grow in all mice of the F2 generation where Mendelian 
segregation could no longer be measured. Up to the time when the trans: 
plant depended upon a single gene for its continued survival, the tumor would 
grow only in mice of the original inbred strain, in the F, of a cross between é 
mouse of a susceptible and a mouse of a resistant strain, and in a certain 
percentage of the F, population and the backcross generations, depending 
upon the number of genes responsible for progressive growth. When the 
tumor would grow in all F, mice then, and not until then, would it grow in 
all mice of all foreign strains, irrespective of genetic relationships. In other 
words, from a dependent type of growth the tumor had become progressively 


Ficure 2. Schematic representation of the inheritan 
as dBrCap, which showed the influence of one gene on s 


ce to a transplantable tumor such 
usceptibility. ‘ 
progressive changes could be measured in terms of 
gregating genes responsible for the tumor’s growth or 


less nonspecific; these 
fewer and fewer se 
survival. 


was that the fate of the transplanted 
between the host and the tumor cell. 
ermined by genetic constitutions. At 1 
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 Ficure 3. (a) Photomicrograph of the original tumor, dBrD. The tumor gave a 
5 to 7 Mendelian factor ratio when inoculated into a series of F2 individuals. (b) Tumor 
transplant (dBrDm) derived from the original tumor dBrD. Tumor dBrDm gave a 
? factor ratio when inoculated into the same series of F2 individuals inoculated with the 
{BrD tumor. (c) Another tumor transplant (dBrDBs) derived also from the original 
tumor, dBrD, during the process of transplantation. This tumor showed a 1 factor ratio 
when inoculated into a similar series of Fe individuals inoculated with tumor dBrD. 
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TABLE 3 
TABULATED SYNOPSIS OF THE VARIOUS TRANSPLANTABLE TuMORS USED IN THE PRES 
EXPERIMENT, SHOWING THE PROBABLE NUMBER OF INDEPENDENTLY SEGREGATING } 
GENETIC FAcTORS INVOLVED IN THE PROCESS OF TRANSPLANTATION 


janine 


Number of 


Namie ple genetic factors 


Original dBrC 6 
dBrCm 2 
dBrCsp 1 


dBrCX | Undetermined 


Confirmatory observations on the nature of the transplantable tumor were 
made by Bittner’? and by Cloudman.'* From this early work it was deter! 
mined that no two tumors, even derived from the same mouse, ever gave the 
same Mendelian ratio of susceptible to resistant mice in the Fs. In the 
early transfer generations this is evidence of populations of cancer cell: 
rather than pure cultures. With later transfer generations, after the process 
of serial or progessive “breakdowns’’ of susceptibility have occurred, some 
tumors have similar and perhaps identical genetic backgrounds. This wil! 
be made clear in the investigations of “isogenic”’ strains of mice. The early 
evidence on transplantation, then as well as now, is not intended to be con- 
clusive, since the only method then available to prove a mutation was hybridi- 
zation and, of course, there is nothing with which to hybridize a cancer om 
Nevertheless, it is clear that the sudden changes in growth capacities of 
transplantable tumors with the concomitant simpler genetic mechanism that 
occurs at exactly the same time is precisely what one would expect, provided 
a somatic mutation had occurred in a cancer cell. Changes in the host 
could not be responsible for the sudden changes in transplantable tumors, 
since comparisons were made in the same series of hosts ; 

However, with the development of serologic methods for the detection of 
antigens, this problem can now be reinvestigated. In relation to the tissue 
of origin and early transplant generations, perhaps it would be wise to use 
spontaneous tumors rather than the late transplantable tumors, where the 
process of transplantation may introduce some variables not necessaril 
involved in the origin of neoplastic tissue; this deviation is clearly cumulative 
with time. 

Until very recent times the progressive increase of growth capacity - 
transplantability potentials of tumors has always occurred in one direction 
However, recently both Hauschka?’ and Strong’? have reported that this 
sequence of events is reversible. Thus, a relatively nonspecific tumor has 
become relatively more specific at the same time that an increased genetic 
complex for transplantation has occurred. Strong*® reported that a trans- 
plantable tumor at one time depended upon either one of two genes for its 
successive growth (a 15:1 ratio in the F,). Later the tumor changed and 
then required the simultaneous presence of both genes for its growth (9:7 
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tio in the F.).. For many years these suddenly appearing, relatively stable 

permanent changes in the transplantable tumor have taken place without 

demonstrable influence from the host. Recently it has been demonstrated 

at these sudden changes in transplantation of cancerous tissue are not 

rtuitous, but may be conditioned somehow by the host. In other words, 

he transplantable tumor and changes in the transplantability of the tumor 

e not completely autonomous. The evidence for this concept is as fol- 

ws. Three strains of inbred mice have been used for this purpose. These 

e the F, pBr, and N. The N strain was one of the ancestral stocks that 

ave rise, by hybridization to the CBA and JK stocks, to the pBr. The F 

rain is entirely independent in origin from the pBr and N strains. Follow- 

ng the subcutaneous injection of methylcholanthrene into mice of the pBr 

rain, a series of tumors of the forestomach have been obtained. One of 

ese, a. spindle-cell neoplasm,* has been continued subcutaneously in mice 

the pBr strain for more than 100 transfer generations. The tumor will 

lso grow, although at a very reduced growth rate, in mice of the N strain. 

t will not grow in mice of the F strain. The tumor will grow also in both 

he F, generations, first in the cross between mice of the pBr X N strains 
nd, second, in a cross between mice of the F and the pBr strains. Following 
he transfer of the pBr tumor in mice of the N strain for varying lengths of 
ime or transfer generations, the various tumors were then returned to mice 
Mf the pBr strain. These derived tumors were then referred to as the 
N-adapted, the 2N-adapted, the 3N-adapted, etc. 

“In the present experiment, 4472 mice have been grafted subcutaneously 
vith a spindle-cell neoplasm of the forestomach. The transplantable tumor 
has been divided into 4 subtransplants by the method of keeping the trans- 
blant for a variable length of time in mice of the N strain. All 4 transplants 
save different genetic ratios when grafted into a series of Fs individuals from 
cross of mice of the pBr and the N strains. The different ratios obtained 
may be explained in terms of genic changes. However, it must be con- 
luded that these changes are not fortuitous, but may be dependent upon 
some peculiarity of the host. The mechanism that determines transplant- 
ability potentials of the tumor in mice of the pBr and N strains and their 
derived hybrids can change without changes in the mechanism involved in 
the growth or failure of the same tumor in mice of the F strain or its derived 
hybrids. 


The F; generation of a cross between mice of two distinct inbred strains 


that differ in any one of a large number of physiological characteristics is now 
being used for significant observations in a great variety of experiments; 
much of the original genetic concept for the origin of cancer was based on the 
F, generation of this cross. The value of such a technique is based upon the 
finding that susceptibility to the transplantable tumor and other tissues was 
‘demonstrated to be inherited as a dominant complex. Thus the F,, being 
‘a mosaic of potentialities derived from two ancestral stocks, is capable of 
growing tumors from mice of each of the ancestral stocks used in the produc- 
f * A recent review of the sections of this transplantable tumor by H. C. Stoll has led him 
‘to conclude that the tumor is an anaplastic carcinoma, which is pleomorphic. 


Z 


4 


818 Annals New York Academy of Sciences 


| 
tion of the F,, as well as tumors arising in other F,’s. Mice of neithet 
ancestral stock, however, were capable of growing tumors that arose in mili 
of the F, generation. ee 
Kirschbaum?’ has used this technique in investigating susceptibility te 
leukemogenic agents such as X rays, methylcholanthrene, and estrogemid 
hormone. Thus, he has shown that sensitivity to each of these leukemogenid 
agents is under gene control, and the synergistic effect of two of these agent 
is also dependent upon a particular genic complex. q 
Law‘! has shown that only the thymus of a thymoleukemic-susceptiblé 
strain will give rise to leukemia when grown in the F;. The thymus from ai 
leukemia-resistant strain will fail to develop into leukemia even when grafted 
into the same individual. In five cases in which the original thymic tissue 
of a leukemic-susceptible mouse was replaced by new tissue from the F;, host! 
the leukemia that arose would grow in other F; mice but in neither of the 
ancestral stocks, thus conclusively demonstrating that the nature of leu- 
kemia is dependent upon the peculiar genetic constitution of the cells of thei 
body. Trentin and Gardner” have performed a similar experiment with the 
induction of testicular tumors in mice by estrogenic hormone. Thus, the Fy 
of a cross between a testicular tumor-susceptible strain (the A) and a testicu- 
lar tumor-resistant strain (the C3H) was inoculated with normal testicular’ 
tissue from both ancestral stocks and then exposed continuously to a pellet of 
diethylstilbestrol. Only the testicular graft of a mouse of the susceptible A 
strain developed a testicular tumor (of Leydig cell origin). Therefore, the 
target organ and not the environment that the host can provide for the graft 
is the determining factor in the origin of testicular tumors induced by estro- 
genic hormone, and this end organ is shown to be determined by gene action, 
Finally, Gardner has performed a similar experiment in the induction of 
adenocarcinoma of the cervix in mice by grafting normal uteri from mice of 
two strains that differed in their responses to the same induction chemical- 
estrogenic hormone. 
The application of the use of the F; individual to biological research appears 
to be limitless. A caution, however, should be expressed by not stopping the 
experiment in the F;. It is very easy to conclude that gene action is respon- 
sible for different physiological characteristics in different inbred mice 
Also, the appearance of a character in the F; seems to be evidence of dominant 
inheritance. Its failure to appear from the F into the two ancestral stocks 
also indicates the mosaic nature of the F;, as would be expected by compli- 
mentary genes such as were clearly demonstrated in the grafting of tumors 
that arose in F; mice of a cross between mice of the A and the D stocks. 
As geneticists, we should insist on testing for further evidence of genetic or 
gene influence. This evidence is not too difficult to obtain; the ratio of sus- 
ceptibility to resistance in the F, should be mathematically consistent with the 
ratio obtained in the backcross to the recessive parent. When multiple genes 
are involved, the range of variability should be greater in the F; than it is in 
the F,. Perhaps we expect too much. | 
% Extensive advances have been made on the investigation of the so-called 
histocompatibility” genes in relation to transplanted tumors in mice. 
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hese have been made possible by the study of linkage relations and the 
yplication of the component method for the determination of serologic 
aracteristics. The problem of linkage has been aided by the development 
“isogenic strains of mice that differ, at least theoretically, only in 1 histo- 
ympatible gene. Isogenic strains of mice have been developed by alter- 
ating a system of F; and F» production with a backcross generation for 
any generations. Snell®! found that 3 of the genes involved in the trans- 
lantation of tumors were linked with well-known morphologic or color genes 
s follows: (1) Hz» linked with fused on the ninth chromosome, (2) H, linked 
ith albinism on the first chromosome, and (3) H; linked with agouti on the 
fth chromosome. It appears, at present, that there may be a number of 
losely linked genes, at least 1 of which exists in 3 allelic series. Snell esti- 
yates at least 11 possible phenocopies involving the “Hs locus.”’ It is also 
ertain that, beyond these 3, there are other loci involved in the transmission 
f susceptibility to the transplanted tumor. Snell estimates a minimum of 
9. It is also clear that the different loci have differential effects on trans- 
lantation. The Hy locus is a “strong” locus, while the Hi and H; have 
veaker influences upon susceptibility to transplantable tumors. 

Recently it has been disclosed that the He locus also has an effect upon the 
uccessful grafting of skin grafts. The histocompatible genes apparently 
ave effects, not only upon the growth of the transplanted tumor, but also 
ipon the survival of normal tissue grafts. This finding further delineates the 
lifference between the transplantable tumor and the spontaneous. The 
nechanism involved in the origin of the spontaneous tumor is not the same as 
he mechanism involved in transplantation. Perhaps it is better to consider 
he transplantation of tumors as a form of tissue culture or tissue survival in 
he foreign soil, whereas the spontaneous tumor originates from pre-existing 
1ormal tissue of the same host. 

Some old unpublished data of Strong would be of significance in the discus- 
jon of the differences between the transplantable and the spontaneous tumor. 
[t was shown that a tumor that arose in a mouse of the D strain would grow 
progressively in the presence of 2 genes (a 9:7 ratio in the Fs and a 1:3 in the 
yackcross to the recessive parent, the A strain). The tumor, which grew 
m a mouse of the backcross, was then surgically removed and the mouse 
was bred to mice of the A strain. This process of selecting out from the 
backcross a mouse with the gene or genes for the growth of the transplant, 
the removal of the tumor, and further backcrossing to the A strain was con- 
tinued for many generations. Thus, theoretically, there was obtained a 
mouse with a very large complement of the genes from the A strain, but » 
with only 1 or 2 genes from the D strain, which were responsible for the 
growth of the transplanted tumor. Finally, this new strain, derived as out- 
lined above, was inbred by brother-sister matings. Mice of this strain never 
developed spontaneous tumors, in spite of the fact that they definitely pos- 
sessed the gene responsible for the growth of the original transplantable 
tumor. Perhaps a repetition of this experiment, using the greatly improved 


inbred strains of mice now in existence, may lead to further significant 
observations. 


>, 


a 
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Aside from the differences that exist between the spontaneous and the 
transplantable tumors, the work of Heston clearly indicates the effect 0 
specific genes upon the occurrence of spontaneous and chemically induc 2¢ 
lung tumors in mice. The nature of these genes and their relation to tha 
histocompatible genes involved in the grafting of transplantable tumors ha 
not been investigated sufficiently to warrant a definite conclusion. 

The application of the component method has disclosed that a single locu: 
apparently has a multiplicity of serologic reactions. These specific reaction 
differ considerably in mice of the various inbred strains. To a geneticist! 
this is a disturbing discovery. Perhaps conclusions are premature at this 
time. That a single gene may have a multiplicity of effects is an old theor 
that was altered by the classic investigations of Beadle and Tatum® imi 
Neurospora and of Sonneborn®*-*! in Paramecium. Beadle and Tatum® ® 
both maintain that a single gene does only one thing in biochemical reactions; 
and Sonneborn maintains that there is a 1:1 ratio existing between the genet 
and the killer factor (kappa) in the cytoplasm of Paramecium, even though! 
kappa may be due to an invasion of a particle, as indicated by Preer.* 
Nor does the concept of pseudoallelism aid much, perhaps merely indicating; 
that the original conclusion of multiple alleles was based upon insufficient! 
data and that, had the investigator accumulated more data, the two genes: 
might have been considered to be merely closely linked rather than as mul-. 
tiple alleles. | 

Some of the confusion existing in the interpretation of the component or 
serologic method of gene-complex identification may rest in the failure to 
recognize that, since many of the inbred strains of mice now being used 
had a common origin, they are mostly related to each other genetically. 
Therefore, by common descent, they must possess many genes in common, 
Being in the homozygous state, this cannot be indicated by conventional 
genetic tests of hybridization and recombination. In some cases, however, 
serologic tests are sufficient to distinguish between a heterozygous and a 
homozygous individual. Thus, the multiplicity of serologic reactions of a 
histocompatible locus eventually may be shown to be dependent, not upon 
single locus, but upon many. 

Several cases of crossing over between serologic component genes or loci 
already have been reported by Amos ef al.? and by Allen.! : 
I cannot leave the transplantable tumor without emphasizing the ease b 
which its successful growth and survival can be influenced by experimental 
means. There are at least eleven ways by which tumor-host relationships 
can be altered, thus permitting tumors derived from one strain of experi- 
mental animals to grow progressively when transplanted into individuals of 
other strains, or even species. These methods of altering tumor-host rela- 
tionships are being increased rapidly. At present they are as follows: | 

(1) X-raying mice before the transplantation of the tumor 349 (2) X-raying 
the tumor Ussue tn vitro;*? (3) mixing a tumor with cotton or wool fiber before 
transplantation said.) growing a tumor in the anterior chamber of the eye or in 
the brain ;?* Bd bGe('S) growing a tumor in an F, or backcross to the recessive- 
condition mouse* ?*—this observation is based partly on the fact that sus- 
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ptibility to transplanted tumors is dominant in crossing tests; (6) aging of 
mors through numerous transplant generations, permitting successive 
janges to take place, that is, adapted changes that take place spontane- 
ly ;%: 4 (7) treatment of the host by estrogenic hormones before the injec- 
on of the tumor;!% 2° (8) treatment of the host by tumor or normal tissue 
tracts before the inoculation of the tumor;** °7 (9) growth of tumors in the 
ewborn;2® 42: 43 (10) passage of a tumor through the allantoic membrane of 
e chick;47 and (11) conversion of a solid tumor into the ascites form.?® ?® °° 
There appear to be different mechanisms involved in these different adap- 
ive procedures. Some methods (X ray) appear to alter the host mechanism 
s well as the tumor ix vitro, whereas other procedures (4, 5, and 6) appear to 
ring about changes in the tumor cells or in tumor cell relationships. The 
echanism involved in some of these adapted changes may indeed be quite 
omplex. 

A new tool for investigation of the cancer cell (that of the ascites tumor) 
as been developed recently by many scientists. The situation has been 
utlined by T. S. Hauschka of Buffalo, N. Y. His comments are as follows: 


mn 


PRESENT STATUS OF THE RELATIONSHIP BETWEEN CHROMOSOME CONSTITUTION 
AND TRANSPLANTATION SPECIFICITY OF TuMORS 


A cytological and genetic survey of 16 transplantable mouse tumors, most of them in 
he favorable ascites form, has shown an apparently constant correlation between modal 
chromosome number and host specificity.2% 8° All of the near-diploid tumors examined 
consistently regressed in mice of foreign strains, while growths in the heteroploid category 
nvariably gave lethal takes in from one to all seven foreign genotypes tested. This trend 
pears to be quite independent of the tumor’s histological and genetic origin, method of 
induction, duration of serial transfer, virulence, and growth rate. 

There is no conflict between the cytological and genetic data and the validity of trans- 
plantation genetics, as established through the classic experiments of Tyzzer,’® Little, ** 
and Strong,®?** ® the serologic work of Gorer,?? and the elaboration of histocompatibility 
loci and linkages by Snell.°® On the contrary, some phenomena that have been puzzling 
geneticists can now be explained through known chromosomal mechanisms. Strong was 
the first to show that, during serial passage, a tumor may lose not just one but several iso- 
antigens as a bloc, thereby finally becoming nonspecific. Chance coincidence of so many 
different point mutations is very unlikely. Changes in the opposite direction, that is to 
say, increases in specific transplantation requirements, have been very rare. These two 
observations are in accord with the upward shifts in chromosome numbers seen in various 
ascites tumors by Hauschka,”* Levan, ‘4 Klein,* Sachs,°* and others; the numerical changes 
have proceeded either slowly or suddenly from diploid to heteroploid—never in the oppo- 
site direction. 


Addition of a single chromosome to a balanced d 
antigens as drastically as doubling of the entire set, followed by subtraction of a few chromo- 
somes. The latter is probably frequent, because modal chromosomes numbers between 
‘70 and 78 are the most common among the polyploid mouse tumors, all of which are 
onspecific. 

. The most essential feature of heteroploidy, in so far as it affects gene-controlled anti- 
-genicity of the cell, is genic imbalance. Neither point mutations in an H-2 locus nor 
physical loss of a chromosome carrying important H factors need be involved in bringing 
about antigenic surface changes. Since the molecular configurations of the lipoprotein 
cell surface probably are controlled by a variety of genes—antigenic ones as well as others— 
any change in the total dosage relationship of loci to one another might displace or alter 
‘molecules with specific antigenic fun 


ction located in the cell surface. It is through the 
cell surface that the host recognizes or rejects the graft. 


iploid set of genes may affect the cellular 
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Cytological alterations that make some of the cells in a neoplastic population less a at 
genic would make these same cells more resistant to isoantibody produced by geneticalll| 
refractory hosts. Heteroploid cells thereby attain positive selection value. Usin 
immunoselection as an experimental tool in the weeding out of less antigenic cell ty] 
from a mixed neoplastic cell population has provided additional support for the in er 
relationship between heteroploidy and nonspecificity or reduced specificity. In two suce 
experiments, *!; 36 polyploid cells were selected across an immune barrier. 

The most crucial documentation of decreased antigenicity as a consequence of aberrant 
chromosome constitutions has been provided through the hemagglutination tests of Amo 
on three pairs of comparable diploid and heteroploid ascites tumors, the latter representin 
sublines of the former. In every one of these three comparisons the polyploid cells wer 
far weaker absorbing antigens than the corresponding diploid population. 4 

The early observations of Strong,®* Cloudman,}% and others on stepwise losses of histo 


compatibility genes have been interpreted as indicating somatic mutations, and there i: 
absolutely no disagreement between this interpretation and the findings of Hauschka,” 
Levan,*® and Amos.? Loss of specificity due to heteroploidy concerns only the final ste 
from a difference involving one or several genes to the total absence of an antigenic barrier 
between graft and formerly resistant host. This final step, too, could of course come about 
through point mutations. However, the evidence favors a wide variety of gross chromo. 
some number changes as the most frequent cause of genetic indifference in tumors. 

T. S. HauscHKa. 


: 

The introduction of a discussion of the heteroploid transplanted tumor has: 
been rather extensive. This was necessarily so, since the development and. 
even the continuation of the genetic concept of cancer is dependent upon the 
evaluation of the data obtained primarily with the ascites tumors. Hauschka 
has clearly indicated his viewpoint. I shall return to these observations: 
again. At present, perhaps it will be wise to clear up what appears to be, 
from the examination of the literature, a discrepancy of interpretation. 
Hauschka quotes me to the effect that “during serial passage, a tumor may 
lose not just one but several isoantigens as a bloc, thereby finally becoming 
nonspecific.” Are we justified, however, in concluding that “blocs of 
genes” are or were lost or altered simultaneously? The original data, 
instead of making this conclusion obligatory, never indicated that such was 
the case. Where multiple genes are involved, the differences between ratios 
of susceptible to resistant transplantable tumors are very slight. In onde 
to distinguish between the number of genes responsible for the survival of 
the tumor, one must have a considerable colony of mice—more than ever 
were available to me between 1922 and 1926, when the experiment was done! 
Again, the detection of altered or derived transplants was based upon altera- 
tions in growth rates of the tumors. With the number of animals then ova 
able, considerable time had elapsed before proof of a significantly increased 
growth rate of tumors could be obtained. When the altered transplant with 
an increased growth rate was then tested, it appeared as though a whole bloc 
of susceptibility genes had been detected. However, this observation should 
not be accepted as the entire story, but rather as a stage in a progressive. 
breakdown of tissue specificity that determines tumor transplantation. The 
final conclusion concerning the extent of these progressive and successive 
sudden changes can come only from the repetition of the experiment— 
starting not with a transplanted tumor that has been carried for several 
months or even years, but with the spontaneous tumor, and testing out the 
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ios of successive transplants in adequate members of F2 or backcross to 
_ recessive-condition mice. Some new evidence of Klein,**: *® where four 
five genes identified with tumor susceptibility apparently are rendered 
npotent” or are inactivated by growing the tumor in an F, individual, 
ds further consideration. However, the final conclusion should rest 
n whether the altered change is permanent or only of a temporary 
ture. Here we need cytological evidence obtained simultaneously with 
genetic evidence. 

The concept of the so-called histocompatible gene has been greatly 
vanced by the recent work of Amos, working in Gorer’s laboratory at 
1y’s Hospital, London and in Hauschka’s laboratory at the Roswell Park 
emorial Institute, Buffalo, N. Y. Amos comments as follows: 


PRELIMINARY STUDIES ON THE ANTIGENIC RELATIONSHIP BETWEEN 
CompaATIBLE TuMoRS OF DIFFERENT CHROMOSOME NUMBER 


The purpose of the experiments was to determine whether there was an alteration in 
tigenic activity referable to changes in chromosome number away from the diploid. 
e material studied by Hauschka and Levan provided evidence that tumors with a diploid 
near-diploid population were strain specific, whereas aneuploid tumors would grow pro- 
ssively in at least one foreign strain. 

The three comparable tumor pairs available for study were (1) the diploid C3H lym- 
oma, 6C3HED, and a derived polyploid subline adapted to grow in DBA/2 mice; (2) 
e diploid A No. 2 lymphoma and the polyploid A No. 1 lymphoma; and (3) the near- 
loid A-strain carcinoma TA-3 with its derived polyploid subline TA-32. ~ 

When ascites cells from these tumors were used to absorb hemagglutinating antibodies 
m sera made against a variety of unrelated tumors of known H-2 composition, the 
lowing differences were found (in the case of the A lymphomas a similar result was 
tained by Hoecker,** using an IR. anti D, K serum): 

(1) Diploid A lymphoma No. 2 would absorb out all the antibodies against A-strain 
tigens C, D, E, F,and K. Near tetraploid A No. 1 would not absorb antibodies against 


-E, and K. There was variable activity against anti D and_anti F, best shown with 
ak antisera. 
(2) Diploid 6 C3HED would absorb antibodies against the H-2 k antigens C, K, and E, 
somewhat less effectively than would normal C3H liver. 

Polyploid DBA/2-adapted 6 C3HED tumor tissue would not remove these antibodies. 
ven transferred to C3H mice, the diploid cells present (6 per cent) in the ascites fluid 
pidly outgrew the tetraploid. This change in population was associated with ability to 
bsorb anti K. 

(3) Diploid TA-3 would absorb out anti D, E, F, and K (C not tested). Polyploid TA32 
ould not absorb out C, D, or E, but appeared to have more affinity for anti F. Anti- 
odies were then made against two of these pairs. 

-The antibody prepared in C57BL (H-2 B) against 6C3HED wasa high titer and appeared 
) be a typical anti H-2 K serum. Tt was absorbed by normal C3H liver. The antibody 
gainst the DBA/ 2-adapted form was a weak anti D. It was not absorbed by C3H liver, 
ut was easily removed with DBA/2 liver. The antibody against L No. 2 prepared in 
‘57BL mice was a high titer antibody containing both anti D and anti K. Tt was readily 
bsorbed by L No. 2 cells, but not by L No. 1. C57BL anti L No. 1 was a weak anti 
), readily absorbed by L No. 2 and L No. 1 cells. (The weak anti D against polyploid 
C3HED is most probably due to contamination, since the tumor was taken after being 
aintained for a long period in DBA/2 mice and contained an unknown number of DBA/2 


ells.) 
‘The weak anti D produced against L No. 1 cells is probably a genuine phenomenon, since 
d in the A strain), 


‘ansfers are made at frequent intervals (the tumor being maintaine 


ing Ss 
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and contamination with A-strain cells should have resulted in the production of both ani 
K and anti D. No significant amount of anti K could be detected. It is interesting th 


" 


this tumor will grow in DBA/2 animals having the constitution H-2 d, but not in mice + 
3H or other strains. ; q 
ae absorptions made against the C57BL anti 6C3HED serum with 6C3HED el 
it appears that this tumor was more active against this serum than against a compar: 
titer serum against a C3H mammary tumor. Some reduction in titer for C3H cells w 
obtained after absorption with the tetraploid form, although the latter had no affinity fi 
an antimammary tumor serum. Comparisons made at the same time with liver, kidne¢ 
and muscle from C3H mice indicated that these tissues were slightly more active at absor 
ing anti-mammary tumor serum than the antibody against the 6C3HED lymphoma. : 

Antibodies against the diploid tumors will protect against these tumors in foreign strain 
and less effectively in the susceptible strains. Comparison with antibodies against tk 
aneuploid tumors will be made. ; j 

Elsewhere in this monograph, Strong has discussed changes in Mendelian ratios fou 
on repeated transfer of a tumor. He has pointed out that when the transplanted tuma 
begins to grow in all F2 mice, it then grows progressively in mice of foreign strains. Som 
of the stages of genetic simplification may be reversible, as has been shown by Hauschka, , 
by passage through the F;. Gorer and Amos?* encountered a similar situation whes 
inoculating an F, that had previously been immunized with blood from the C57BL leukoss 
E.L.4. To date, however, no such reversal has been demonstrated in the final stage, tha 
is, a transformation of a completely nonspecific tumor to the original specific form. 

Snell®! has shown that the most effective single factor or gene-determining transplante 
tion is linked with the ninth chromosome group, and Gorer?! 22 has found that this, thi 
H-2 locus, can be identified serologically. Recently, what was at first thought to be a singll 
locus has been shown to be a complex containing at least five components closely linke: 
but spatially distinct, thus permitting crossing over between at least some members of th 
group. Most of the serologic work has been done with strain-specific tumors which 
together with some normal tissues, notably liver, have been found to be rich in H-2 antigens 

Hauschka and Levan,” in an analysis of about sixteen tumors, have established a cor 
relation between strain specificity and chromosome constitution. Tumors having a diploik 
or near-diploid complement are strictly strain specific, and those having even a moderat 
degree of chromosomal imbalance violate some or all strain barriers. Hauschka Bee 
that there was probably an immunological basis for this distinction, the aneuploid tumor. 
having reduced antigenicity. Hoecker** believed that an increased chromosomal com 
plement would more probably be associated with an increase in antigen, but later showe 
that the aneuploid A-strain lymphoma No. 1 was less antigenic than the diploid A lym 
phoma No. 2. 

Immunological studies now have been made on a large number of tumors and are bei 
continued as new tumors become available. The most intensive study has been performet 
with three pairs of closely related tumors: the diploid A-strain carcinoma TA-3 and it 
derived polyploid variant TA-32; the diploid A lymphoma No. 2 and the near-tetrapl 
lymphoma No. 1, these two tumors being induced in litter mates; and the C3H lympho 
sarcoma 6C3HED and its polyploid variant-adapted DBA/2. These data have been giv ; 
in more detail previously. ; 

The presence of antigens has been tested in two ways: (1) by absorption of antibodi 
by a packed suspension of ascites tumor cells, and (2) by eliciting an antibody respon’ , 
against the tumor cells by a series of injections into mice of foreign strains. The conce: 
tration of antibody in both cases was usually estimated by hemagglutinin titration. 

By these methods the polyploid tumors have all been shown to be markedly less antec 
than the corresponding diploid or near-diploid cells. By absorption tests it has been fount 
that the polyploid tumors are deficient in some of the antigens present in the diploid forn 
me Bk Nibage Nici the antibodies produced against the polyploid tumors were of vl 
nee Behe Ke sburaney also to be directed largely against the few contaminating hos 
Slee a a. ‘ y : si intensive and prolonged course of immunization, antibod, 
eee y produce -_ Evi ently the antigen is still represented, but in reduced amount 

ggested that the antigen could be present within the cell, but fails to reach th 
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face of the polyploids. Attempts to demonstrate this by grinding up the cells before 
orbing did not indicate the liberation of the antigens from the interior of the cell. 
mmunological methods have been used in the study of a number of other tumors, both 
loid and aneuploid, some recently derived and some long established. All have followed 
pattern of the three pairs described above, with one exception. This was the C3H 
cinoma MCiM. An additional group of twelve spontaneous neoplasms have been 
ed for their absorptive capacity and have proved to be strongly antigenic. A total of 
een strain-specific tumors has been examined by various immunological means. All 
e been strongly antigenic. 

The exceptional tumor, MC1M, which has a chromosomal mode around 70, will grow 
proportion of mice of a number of foreign strains. It is, however, strongly antigenic. 
$ an unusual tumor in at least two other characteristics: (1) it forms large quantities 
a highly viscous substance when grown as an ascites tumor, and (2) its most frequent 
-thod of division is by endoreduplication. 

The general interpretation of the results so far obtained is clear. In their earlier stages 
e great majority of tumors are (1) strain specific, (2) have a high Mendelian ratio in 
metic experiments, and (3) are highly antigenic. With repeated passage there is a pro- 
essive simplification in genetic requirements, the end products of the H-2 locus remain 
ore or less constant, although at times one component may be more in evidence than 
hers. The tumors are diploid or near diploid in their chromosomal constitution and 
main strain specific. That some of the genetic complexity has been retained can be 
own in certain cases by indirect methods cited above. In the final change, (1) the 
endelian ratio drops to less than one, (2) the tumor can establish itself in mice of formerly 
sistant strains, (3) chromosomal imbalance becomes apparent, and (4) there is an altera- 
pn in the H-2 antigens. 

‘These processes can be explained if it is assumed that the earlier changes are a response 
a continuing “parasitic”? environment in which complex metabolic processes constitute 
competitive disadvantage. Those cells with less complex end products to manufacture 
hd with a more rapid growth rate would replace the more complex cells. This would be 
sociated with a decrease in antigenicity (the antigens being the end products of metab- 
ism) and an increase in growth rate. Both of these phenomena are consistently encoun- 
red. The final change is that involving the H-2 locus, which apparently has been unaf- 
cted in earlier changes. The correlation between chromosomal imbalance and the altera- 
ons at the H-2 locus and the apparent irreversibility (and irregularity of occurrence) of 
his change suggests that it is mutational—a mutation at the H-2 locus resulting in a com- 
lete upset in cell economy. 

Inferences and Conclusions 


For the tumors TA-3 and TA-32, the TA-32 polyploid tumor is very much less antigenic, 
s judged by absorption, against all the sera tested. The diploid tumor appears to behave 
ke A liver or anti A-strain tumors previously tested. 

The A No. 2 diploid lymphoma also appears to contain the normal A-strain antibodies, 


oth in absorption, antibody production, and protection experiments. The polyploid A 


0. 1 appears to retain a little of the D (and possibly F) antigen, but no K or E. 
The diploid 6C3HED retains the H-2 antigens K and FE, but possibly in a slightly 
ltered form. The polyploid form has apparently no normal K or E, but may contain a 
ittle of the altered K present in the host tumor. 

_The experiments showing that some well-established tumors can be made to increase the 
parent number of factors required for transplantation may mean that the ability to form 
mtigens other than H-2 may be “‘waived” in serial passage without alteration in strain 
pecificity. This may be associated with an increase in growth rate of the tumor, and is 
\daptive (it may be a parasitic type of phenomenon in which the necessity for some meta- 
yolic processes is not required in a favorable environment). The change in H-2 is possibly 
different process involving complete reorganization of the economy of the cell, and may 
ye associated with morphologic and growth-rate changes; in which case the H-2 locus could 
se considered to elaborate some essential process for normal cellular economy, which is, 


aie strongly antigenic. . 
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Alternatively, in the alteration from diploid to tetraploid, an alteration in surface 
figuration restricts the H-2 antigens either to the deeper layers of the cell membrane ; 
the interior of the cell. This hypothesis may be checked by absorptions made with ¢ 
fragments. D. B. AM 


It was unfortunate that the concept of changes in tissue specificities « 
transplantable tumors was brought about by “losses of histocompatibiliti 
genes.” First, if a mutation is involved in the origin of cancer, then cance 
should be regarded as a deviation of the normal cellular make-up and thu 
would be histoincompatible from its tissue of origin even from its ve 
inception. Perhaps this is not significant, since the normal allele of a histd 
incompatible gene could be considered as histocompatible. Second, howevet 
a more significant criticism of the use of the term “losses of histocompatib) 
genes” rests on the fact that the concept continues the old idea of hl 
“presence and absence” theory of William Bateson, which has been abar; 
doned in genetics for many years. Perhaps it would be wiser to refer t 
these genetic changes, not as losses, but as alterations or merely as change 
in gene structure or organization. The term “replacements” would not 
too ambiguous. 

One comes face to face with this problem of terminology in considerin| 
the polyploid tumors in relation to the older work on the genetics of thi 
transplantable tumor. Apparently there is a continuous series involved i: 
the progressive changes taking place in the transplantable tumor. Certain. 
the work of Amos verifies this concept that the polyploid tumors are lés 
antigenic than their diploid counterparts. On the surface it looks as om 
the breakdown of tissue specificity is due to losses of histocompatible gene 
that act as antigens, whereas the polyploids appear to have “gained” some 
thing (one or more chromosomes) that still gives less antigenicity. 

Two facts should be kept in mind when dealing with polyploidy in ref 
ence to cancer. First, polyploidy should be considered in the way s 
Blakeslee'* and others have done in the Jimson weed, where all sorts 
chromosome aberrations have been observed without the presence of cancei 
In Datura there appear to be many combinations of chromosomes, some 
which are compatible with the continued existence of the plant, wher 
others are apparently incompatible. Thus, balanced and imbalanc 
chromosome components have been discussed, and cancer is not involv 
Similar concepts are now being accepted in the field of cancer research, 
evidenced by references to such phenomena as balanced and imbalanc 
hormonal states. 

Again the observations of nondisjunction should be introduced. It a 
been known that three recessive genes, obtained by the addition of a singl 
chromosome, would in certain cases produce the dominant state. It is al 
probably true that the chromosome is nothing more than the sum total 
the genes it contains. Such phenomena as position effects of spatia 
related genes and the relation of euchromatin to heterochromatin should k 
considered here, although it must suffice here to point out merely that t 


addition of extra chromosome material would of necessity alter the spatiz 
relationships between genes. | 


{ 
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n heteroploidy one is not only duplicating a whole chromosome that can 
seen through the microscope; one is also reduplicating genes that can be 
icated only by suitable genetic tests. Thus, three altered or changed 
Yes may revert to the wild type, and four or five may even exceed the 
called normal. Perhaps in cancer one should not expect to find the same 
etic phenomena that occur in so-called normal tissues. 
t is therefore probably true that the genetic changes in the potentialities 
ransplantable tumors are the result of a single sequence of events. The 
cess leading to so-called less tissue specificity, as determined by the 
lity of tumors to grow ina variety of animals, is progressive but reversible, 
least to a certain extent. Whether cancer is the end result or merely a 
ge of intermediate significance cannot be visualized. If intermediate 
ly, what is the end? One could speculate that the organism has slowly 
lved from a system of complex organization. Is cancer a reverse process 
which the organism has lost the controlling influence of all or some of its 
rts? If this is so, then why do some, but not all persons, develop cancer? 
at is the real significance of cancer in the biological series? 

great stimulus for the continued interest in the mutation concept in 
erence to the origin of cancer was provided by the observation that 
thylcholanthrene (one of the most powerful carcinogens) was a mutagen 
least in mice®? *8 and in Neurospora.7! The spontaneous mutation rate 
my®® colony of controlled inbred mice has been 9 mutations in 232,000° 
ice, or 1 mutation in 23,777 mice (mutation rate, 3.9 per 100,000). In the 
cendants of mice injected with methylcholanthrene, 12 mutations have 
curred in 8400 mice, or 1 mutation to 700 mice (mutation rate, 142.8 per 
0,000). The “t” value between these two ratios is 20.4. Thus, in this 
d in many other of my experiments methylcholanthrene was a mutagen. 
tum has concluded that methylcholanthrene is a mild mutagen in Neuro- 
ora, and Tatum and Barrett have reported an increased mutation rate 
en the methylcholanthrene derivative had been made slightly more water 
luble, based upon the idea of aiding the carcinogen’s entry into the cell. 
The production of such a large series of mutations in my series of mice 
bjected to methylcholanthrene for many generations, and the cursory 
porting of negative results by other investigators following one injection 
“the carcinogen, led to the suggestion that perhaps my series was due to 
genic instability.” Genic instability, or a very high spontaneous mutation 
te, has been reported by Demerec’® in Drosophila, and by other investi- 
itors. This genic-instability concept was tested in the mice subjected to 
ethylcholanthrene and found to be untenable. 
The new data further verify the conclusion that ‘“‘there have been no 
sculiar genetic phenomena (such as genic instability) other than clear-cut 
sint mutations in the origin of 15 mutations following the subcutaneous 
jection of methylcholanthrene.”’ These mutations are associated with 
ethylcholanthrene or one of its metabolites, and must therefore be consid- 
ed as chemically induced. 
Four series of mice are being continued in the laboratory. These are as 
lows: (1) the untreated controls, consisting of mice of the original Strong 


é 
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inbred strains, the A, C3H, CBA, N, etc; (2) the Br’s, or NHO desce: 
which has now been injected with methylcholanthrene at 60 days on 
for more than 40 inbred generations; (3) the separation off of descents fror 
mice that have developed mutations following the injection of methy 
cholanthrene into parental lines of mice for many generations and have e 
freed from further injection of methylcholanthrene; and (4) hybridizatia 
crosses necessary for the genetic analysis of mutants that have occurred 
series 2. ; ‘ / 
Two new spontaneous mutations have occurred in series 1. _ These hax 
been (1) pintail in a mouse of the C3H strain, and (2) a mutation from @~ 
A or A! in the original untreated NHO descent. A mutation in the C3 
strain has occurred in one of the original Strong inbred strains. The origin 
inbred strains serve as the background control group for the investigatict 
of spontaneous mutations under the existing laboratory conditions of th 
Springville laboratory. This colony has been continued intact for more thas 
35 years. The second mutation of a to A or A! occurred in the second seria 
of controls (the original NHO descent), which has never been injected wit 
methylcholanthrene, but which gave rise to the various sublines (Br, pB! 
Brpb) that have been injected with methylcholanthrene for many generatior 
(that is, that gave rise to series 2 and 3 of this report). This spontaneou 
mutation (a to A or A!) is of considerable interest or significance, since it” 
the first reverse mutation that has ever occurred in a population of more tha: 
500,000 mice over a period of 35 years. | 
There have been no further mutations in series 3, where a descent has bee 
established from a mutation that has occurred in a mouse whose ancestr 
had been injected with methylcholanthrene for many generations and whic 
was freed from further injection of methylcholanthrene as soon as th 
mutation had been obtained. The evidence is thus conclusive that gemi 
instability was not involved in the origin of these chemically induce 
mutations. Hl 
One descent consisting of 3 color mutations of brown to black, self to pit 
bald, and color to chinchilla has been continued free of methylcholanthren 
since its appearance 20 generations ago. No mutations have appeared i 
more than 15,000 mice. The Br subline of the NHO descent has been se 
rated from methylcholanthrene treatment for more than 25 generations : 
no mutations have occurred. Two descents have been separated off fr 
the pBr subline of the NHO—one of these in the Fj; following treatment wit 
methylcholanthrene for 14 generations, the other in the F2o following trea 
ment with methylcholanthrene for 17 generations. The original pBr descet 
and the 2 derived sublines (Prunt and 2-Prunt) have been separated off fro 
methylcholanthrene for many generations and have now reached F, 
There have been no color or morphologic mutations detected in these 
descents during this time. This evidence is highly significant, since tl 
original pBr descent exposed to methylcholanthrene for several generatiol 
gave rise to 3 color mutations, one being a reverse mutation from p to ] 
This dark-eyed mutant, obtained in a mouse whose ancestry had been injecte 
with methylcholanthrene, was continued for 14 generations in the heter 
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bous condition by mating a dark-eyed mutant (pP) to a pink-eyed sib 
>). During these 14 generations of inbreeding, the descent produced 16,251 
ce, 8115 of which were mutant dark eyes and 8136 were pink eyes. A 
1 ratio for this number of mice would be 8125.5 to 8125.5. There were 
new mutations in this untreated descent. This mutation from p to P 
of interest since it is a reverse mutation, that is, from the recessive condi- 
n back to the wild-type dominant. Similar mutations in Drosophila are 
aracteristic of genic instability (see Riley,®* page 239). 

0 evidence of genic instability, however, could be obtained in this reverse 
tation, since normal segregation was occurring in its descent and no other 
itations at other loci were obtained. 

The inheritance of polydactylism has shown some very interesting bio- 
vical facts. Polydactylism occurred upon 4 separate occasions in mice 
ose ancestors had been injected with methylcholanthrene for many gen- 
ations. Since the condition shows at least partial dominance in inherit- 
ce, although low penetrance, it may be that 4 mutations of independent 
gin were obtained. The condition is sensitive to maternal age, and new 
idence demonstrates that the effect of maternal age is cumulative over a 
amber of generations. In the F, generation of a cross between a male 
ouse showing polydactylia and female mice of the C57 strain, the highest 
peree of penetrance was obtained when the mothers were more than 200 days 
d at the time of conception. This percentage in mothers of 201 to 300° 
nys of age was 3.38, compared to 2.08 per cent when the mothers were 
stween 100 to 200 days, and 2.11 per cent when the mothers were between 
0 to 400 days. The number of F,; young upon which these percentages 
sre based were 1034 normal to 22 polydactylias; 1083 normal to 83 
nlydactylias; and 372 normal to 8 polydactylias. Four selected sublines 
e being continued, based upon the age of the mother at the time of con- 
ption. These are (1) less than 100 days, (2) between 101 to 200 days, 
) 201 to 300 days, and (4) 301 to 400 days. A maximum penetrance of 
5 per cent of polydactylous offspring has been obtained in the Fi2 generation 
‘ the early-age descent. Penetrances in the other 3 selected sublines are 
enificantly lower than this maximal penetrance. In this early-maternal- 
xe polydactylous descent, several other mutant or biological variants have 
ccurred. These are syndactylia, brachydactylia, open eyelid or olive, 
\xate appendages, flexed tail, umbilical hernia, and anemia. In addition, 
cases of flexed tail and several cases of hydrocephalus and “loop tail” have 
een obtained. The biological relationships between these various mutants, 
r biological variants, are being investigated. At present it appears that 
ixate is not genetically identical with polydactylia, but may have a modi- 
ying effect. So far, 71 mice showing luxate have been obtained by crossing 
‘mice, both of which had polydactylia on both hind feet. All luxates are 
escendants of a single male mouse showing a triple hallux. All luxate can 
e separated from polydactylia, since several mice have occurred with 
olydactylia on 3 feet, and even with polydactylia on all4 feet. 
‘The production of such a large series of morphologic characteristics In one 
escent whose ancestry had been injected with methylcholanthrene for many 
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generations continues, therefore, an interest in genic instability. Howewe 
complicating factors have already arisen and must be analyzed further. t: 
of interest that all of these morphologic characteristics have occurred only i 
the early-maternal-age descent. If genic instability is involved with thee 
many morphologic characteristics and mutants, then genic instabilit maz 
be correlated with an early-maternal-age descent. If this is so, then perhap 
we are dealing with the fundamental biological mechanism of gerontology 
It is true, however, that the late-maternal-age sublines do not produce 4 
good breeders as the early-litter descent, and several of the later-materna: 
age-descent sublines have already died out. Consequently it become 
imperative to study divergence of morphologic mutants and variants i 
separate selected sublines in the intermediate classes of parental age, wher 
differences are smaller and therefore require larger numbers, but will bi 
conducive to the production of significant numbers within a reasonable time 
Injecting methylcholanthrene into a series of mice over many generation 
and then freeing the descent from further exposure to this chemical continue 
to produce a great variety of biological effects besides cancer, some of whic: 
are clearly genetic. | 
The reports of negative observations on mutagenesis with methylchoh 
anthrene by several investigators have not been too convincing. For exam 
ple, one experiment was stopped in the Fe, following the injection of methyl 
cholanthrene into the abdomen. It is recognized that no induced recessiy’ 
mutations could be expected until the F3. | 
Again, ithe placing of methylcholanthrene into the diet upon which Dro 
sophila have been kept is perhaps not wise, since there is no evidence tha 
methylcholanthrene could pass through the gut wall of that species. Loren 
and Stewart*® did report the induction of tumors in mice that could b 
explained by a passage of the carcinogen through the gut wall. Are w 
justified in concluding that the absorption of the material in the Diptera i 
the same as absorption in Mammalia? i 
Other complications involved in the testing of certain carcinogens such 
methylcholanthrene for mutagenic properties are (1) the great ei 
of the chemical and (2) its peculiar chemical reactions. Part of this difficult: 
can be overcome by making the carcinogen more water soluble, as was don 
by E. L. Tatum (oral communication). The second difficulty can nol 
be lessened by permitting a longer time of exposure before the mutageni 
property is measured. In the experiment I performed® this criticism wa 
anticipated and partly met by subjecting the methylcholanthrene-treate 
mice to a rigid regime of selection toward resistance to all kinds of chemical 
induced tumors. Germinal mutations did not arise until the animals ha 
lived long enough to develop late-appearing abdominal tumors, includi 
ovarian, thus proving that some component of the injected hee 
lanthrene was getting into the ovary. Whether the injection of methy 
cholanthrene into mice for many generations before the appearance of th 
germinal mutations was a contributing factor can be conclusively demor 
strated only by repeating the experiment; so far, this has not been done. 
Continuing the parallel between mutagenesis and carcinogenesis is some 
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at hampered by the observation that, in the descendants of mice receiving 
hylcholanthrene over a number of generations, many nongenetic varia- 
s such as phenocopies have been obtained. For example, 7 variations 
olving the tail in mice have been obtained in the descendants of mice 
pected with methylcholanthrene. Three of these were genetic (pintail is a 
Minant, showing linkage with brown), while 4 have been proved non- 
etic. Thus, the real role of methylcholanthrene in the origin of cancer 
again become vague or uncertain. In order to make biological sense out 
he vast array of information now available one may therefore be forced 
assume that methylcholanthrene is not the true mutagen or carcinogen, 
that in its metabolism more than one intermediate is formed and that 
h one of these intermediates may be responsible for these different bio- 
cal phenomena. 

Dne other series of experiments of genetic importance should now be con- 
ered. This series, dealing with the nature of the adaptation of the trans- 
nted tumor, stems from the work of Barrett and Deringer‘ of the National 
mcer Institute, Public Health Service, Bethesda, Md. Barrett,® ® and 
er Barrett and Deringer,’ have reported that the growth of the transplanted 
nor in an F) obtained by crossing a mouse susceptible to a transplant to a 
use of a resistant-strain (or recessive) parent could serve as a bridge by 
ich the tumor successfully growing in the backcross would later grow suc- 
ssfully in increased numbers of backcross mice. This work has been veri-— 
by Hauschka and has led to some fundamental concepts of the nature of 
> transplanted tumor. My series of experiments can now be reviewed. 
One of my papers® deals with a series of experiments in which 1948 mice 
re inoculated subcutaneously with a spindle cell neoplasm that arose 
ginally in the forestomach of a mouse of the pBr descent. The mice 
ad belonged to the pBr and N inbred strains and to the Fi and F2 genera- 
ns of a cross between the pBrand N. Following 9 generations of growth 
mice of the N strain, the tumor (N-adapted) was returned to the original © 
1 mice for 13 generations and then into a new group of Fy’s and F»’s. 
e original tumor from the pBr strain gave a 15+: 1— ratio in a group of 
‘mice. This would indicate that progressive growth is dependent upon 
her of 2 alternative genes. The N-adapted tumor gave a 9+:7— ratio 
pected when 2 genes were simultaneously needed for progressive growth 
the tumor. From a dependent tumor the transplant became more depend- 
t through some change of a genic or factorial nature. The phenomena of 
aptation and changes in the transplantation potentials of tumors are thus 
Jicated. 

In a second paper,” dealing with the same problem of the adaptation of 
e transplanted tumor, I have determined that the spindle cell neoplasm 
lich arose originally in the forestomach of a mouse of the pBr strain will 
t grow in mice of the F strain either directly from pBr mice or from mice 
the F, generation of a cross between pBr- and F-strain mice. Thus the 
wrk of Barrett and Hauschka, with the work on other transplantable 
mors, cannot be verified. 

The spindle cell neoplasm, after having grown in mice of the N strain for 
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34 generations, was returned to mice of the pBr strain and given the sym 
“3N-adapted” tumor. Following residence in pBr mice for several trans 
generations to accustom it to its original hosts, it has been determined 1 
the 3N-adapted tumor will grow in all mice of the Fz generation of a cr 
between mice of the N and pBr strains. In other words, the 3N-adapt 
tumor is now nonspecific, showing no segregation of genetic determiners im 
cross between mice of the N and pBr strains. 3 

The 3N-adapted tumor will not grow in mice of the F strain either whet 
is obtained from mice of the pBr strain or from an F individual derived fro 
a cross between F- and pBr-strain mice. It seems justified, therefore, 
conclude that changes in the adaptive mechanism involved in the transplant 
tion in mice of the pBr, the N, and the 2 hybrid generations derived fror 
cross between these 2 strains is selective or specific. As far as can be dete 
mined, these changes do not involve the mechanism of growth in mice of tt 
F, and F, generations derived between mice of the F and pBr strains. Ti 
investigation is suggestive of the fact that the adaptive changes taking plat 
in the mechanism of transplantation are not fortuitous or brought abo} 
exclusively by chance alone. The host may be instrumental in determining 
to a certain extent, these adaptive changes. This would mean that not < 
of the characteristics of the tumor are independent of the host. 

It has been maintained that the mutation concept in regard to cancer | 
only of academic interest—that is, if a mutation (somatic) is involved in th 
origin of cancer, then nothing can be done to prevent the onset of cancer « 
even to control it by therapeutic means. The only protection man wou 
have against radiation as the source of mutations would be heavy shields: 
lead. This does not necessarily follow with the control by treatment, hoy 
ever. It is commonly accepted that the mechanism involved in the co 
tinued growth of cancer within the body is entirely separate from the mech 
nism involved in its origin. Thus, environmental means could be devise 
for treatment, even though the cancer originated, in the first place, by somat 
mutation. The mutation concept is of more than academic interest, hoy 
ever, since any rational treatment of a disease should be based upon its tr 
biological nature. A biologist should not become discouraged in trying 
prevent the onset of cancer, even though a mutation may be involved in i 
origin. By investigating antimutagens (other than a shield of lead) 
may be able to prevent cancer and, at the same time, make some fundamen’ 
contributions in the field of genetics. 

If a somatic mutation is involved in the origin of cancer, and if ther 
any valid comparison between mutagenesis and carcinogenesis, then furth 
contributions should be sought. There is space here to cite only ty 
possibilities: . 

(1) Cancer susceptibility is intimately associated with the process of : 
aging of the individual. All cancers and tumors, in both man and anime 
have a frequency distribution according to the age of the individual. F 
example, cancer of the skin increases in frequency with increasing ag 
Does the mutation rate increase with the age of the individual? 

Dahlberg” has anticipated this idea and, in 1940, he maintained that ‘ 
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not been observed that mutations in cells of the gonads are more frequent 
Ider than in younger persons.’”’ However, Blakeslee! has demonstrated 
t the mutation rate in Datura is increased by the aging of the seeds. 
2) It is becoming increasingly evident that cancer susceptibility and such 
cesses as longevity in Cladocera, Mongolian idiocy in man, and other 
racteristics, are associated, not only with the aging process of the indi- 
al, but also with the aging process of the parents (especially the mother). 
mutations occur more frequently in the offspring of mothers as mothers 
ome older? Correlations here would greatly strengthen the concept of a 
allelism between mutagenesis and carcinogenesis. Again Dahlberg’ has 
d his viewpoint to distinguish between somatic mutation and vegetative 
oduction and, by so doing, he has outlined a program by which this second 
blem can be investigated. He states that ‘‘from this point of view a per- 
who has died of cancer at the age of 90 years must have a comparative 
ak tendency to form tumors. So we should not expect his relatives to 
w a significantly higher frequency of cancer than other folks.” 
Dahlberg!® also reports (1) that persons who died of cancer but whose 
ents have not died of cancer lived 54.57 + 0.29 years; (2) persons who 
d of cancer and whose parents died of cancer below the age of 60 lived 
73 + 0.91 years; while (3) persons who died of cancer and whose parents 
d of cancer above the age of 60 lived 57.00 + 0.94. The difference 
ween 2 and 3 is 4.33 + 1.30 years, which is more than 3 times the standard ~ 
or. Dahlberg despairs of obtaining sufficient evidence bearing upon this 
icept, however. Under controlled conditions, similar studies could be 
formed on experimental animals. 

't would be just as important to find out what happened to the younger 
the older brothers and sisters of the cancer probands. Only after this 
ormation is made available can we distinguish between quantitative levels 
genetic transmission of cancer susceptibility and the aging process in the 
rents, especially the mother. 

There are other fundamental biological problems that need investigation. 
rt instance, we in Genetics have been so impressed with the dynamic 
{uence of specific genes and gene combinations on development and char- 
teristics of the individual that we have overlooked the medium cytoplasm 
d the environment in which the genes must function. 


Summary 


I have attempted to orient the problem of the genetic concept of the origin 
cancer, to indicate the contributions that have a bearing upon it, and to 
int out the limitations of the experimental approach. Only time will tell 
ether we are on the right track. 

Investigators in cancer research have borrowed extensively from the ideas 
genetics. Some of these have been outlined here. At first this borrowing 
is meager. With the passing of time and the development of the many 
netic contributions now available, this borrowing has rapidly increased 
til at present the tempo is considerable. Not all of these contributions 
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can be indicated. Many of them are appropriate and should be discuss 
before a complete genetic concept of cancer can be postulated. The 
chief fields that may be of interest are (1) cytoplasmic inheritance and ( 
mutations, particularly in microbiology, the bacteriophage, bacteria, a 
viruses. We cannot discuss cytoplasmic inheritance and formed cytoplasn 
components without introducing the topic of gene-cytoplasmic dependen: 
or parallelisms. At least one fact must be kept in mind in concluding that 
cytoplasmic component may be involved in the formation of the cancer ¢é 
and this of course also applies to the gene or chromosome. Whatever t 
mechanism within the cell that makes it cancerous, it must be a self-perpet 
ating, fairly permanent component that can duplicate almost indefinitely ~ 
specific effect upon the rest of the cancer cell as a unit by cell division. Sor 
of the transplantable tumors have retained an individuality for more th 
forty years, through literally thousands of serial transfers. | 
The field of mutation is an ever-expanding one. We now hold sympos: 
rather than publish single papers such as the pioneer one by Muller « 
radiation-induced mutations in Drosophila. Here again only a few comment 
can be made, and these only so far as the cancer problem may be involves 
The oxygen effect on induced mutations is quite confusing. Does it have 
direct or an indirect effect? When this confusion has been cleared up it me 
be time to apply the oxygen effect to the cancer problem, but it should ] 
emphasized that oxygen tension, especially reduced oxygen effect, and all ii 
biological ramifications has intrigued cancer investigators for more thé 
fifty years, particularly Clowes and Keltch™ and, very recently, Urbach 
and many others. i 
The use of temperature gradients has had the reverse application. It hi 
been shown that temperature changes influence the genetic phenomena 
crossing over and the somatic manifestation of gene action. Only recent 
have cancer investigators begun to use temperature for such purposes : 
determining differences in cell populations of ascites tumors. 
Both mutagenesis and carcinogenesis are variable quantities in a 
species; it is perhaps wise to compare them in the same species. For th 
purpose the mouse is the species par excellence. The wealth of diffe 
inbred strains that differ in their capacities to give rise to all degrees of s 
ceptibility and resistance to many types of tumors and cancers is attracti 
an ever larger group of investigators. Comparative studies have been m 
possible by the reduction of the uncontrolled biological variability t 
existed originally in so-called commercial or market mice and which s 
exists In most species available for experimentation, and even in man. 
There is one point that must be kept in mind in attempting to cont 
cancer through the investigation of mutation. Even if a mutation is invol 
in the origin of cancer, the tumor certainly continues itself through 
division or mitosis and not by successive mutations. The best one wou 
hope to accomplish by the control of the mutation process would be to p 
vent the onset of cancer, never its control when once present, or its cu 
Pathology has taught that the origin of cancer is an entirely different proble 
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its continued growth. It seems reasonable to expect, therefore, that 
control or cure of cancer (at least the experimental type) should come 
1 investigations dealing with the control of cell division or the control of 
mone imbalance that may be involved, by the control of metabolism of 
cancer cell by such compounds as antimetabolites, or by the empirical 
lication of atomic energy or selective toxic or poisonous compounds that 
Id kill the cancer cell in preference to the surrounding normal tissue. 
haps the trial-and-error method of chemotherapy may provide the answer 
ontrol. 
any other concepts of genetics are now being introduced into cancer 
arch. These will be carefully considered and accepted or rejected on 
ir intrinsic merits. However, some of these concepts need not confuse 
cancer literature, as for example, the idea of “genic drift” that is begin- 
g to appear in the cancer literature. Perhaps this suggestion stems from 
unexpected observations of unpredictable variations obtained by the use 
extremely powerful chemical and biological agents on relatively large 
bers of animals over a period of time. Part of this variation is due to the 
conception that, by the use of inbred mice, one can obtain homozygous 
se. A strict brother-to-sister mating for many generations will not con- 
e highly inbred mice unless all collateral or side lines are eliminated and 
y a very restricted parental line is continued. In each generation the 
t looking or healthiest pair have been continued as parents, and these ~ 
y very well be those possessing the highest degree of heterozygosity. This 
‘ic drift need not concern the investigator of cancer, however. The con- 
t of the “impurity of the gene” was given up many yearsago. Miuller,°® 
, recent symposium on mutations stated, “The onus of proof for the idea 
creeping variation of genes as the basis of selection would seem to lie 
th those who advocate this doctrine.” 
ther recent concepts of genetics, such as induction and transduction, 
ll probably play a very important role in cancer research for many years 
come. Many significant contributions have come from such fields as 
ocrinology, virology, and pathology. Perhaps some day a synthesis of 
s vast amount of this material will be made. 
I, however, should like to reaffirm my faith in the genetic concept of the 
gin of cancer originally formulated in 1926—that a change comparable to 
omatic mutation was involved. This change was defined as applying to 
y formed constituent of the cell, either nuclear or cytoplasmic, that could 
plicate itself, affect the physiology of the cell specifically, and be trans- 
tted by cell division. At that time there was no restriction to any formed 
nstituent of the cell. A genic change was favored, however, and I see no 
yson why the original concept should be revised. 
In closing, I cite an unfamiliar quotation from the Advancement of Learning 
Francis Bacon, foster father of the concept of the inductive method that 
$ meant so much to modern science: ‘‘Small and mean things conduce more 
the discovery of great matters than great things to the discovery of small 
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EFFECTS OF SELECTION ON CHEMICALLY INDUCED 
TUMORS IN MICE* 


By L. D. Sanghvi 


Indian Cancer Research Center, Bombay, India 


and Leonell C. Strong 
Biological Station, Roswell Park Memorial Institute, S pringville, N. Y. 


Introduction 


INDUCED TUMORS 


Since.the year 1775, when Percival Potts (Hueper, 1942) recognized the 
lationship of exposure to soot to the development of scrotal cancer appear- 
g in chimney sweeps, clinical and industrial experiences have revealed many 
ther chemical agents responsible for certain types of cancer inman. Yami- 
iwa and Itchikawa (1918) were the first to produce malignant neoplasms 
perimentally by the repeated application of coal tar to the ears of rabbits. 
“his experiment led to many investigations of the induction of tumors in 
nimals (Hartwell, 1941). A very important step in an understanding of 
duced tumors was reached when Murphy and Sturm (1925) showed that 
ecessive applications of tar to different areas of the skin in mice resulted 
1 fewer tumors at the site of the application and, as a result, a considerable 
ncrease in the incidence of lung tumors. Such research emphasized the idea 
hat perhaps not all tumors were induced by the topical application of the 
arcinogen. However, following the introduction of a carcinogen into an 
rganism, part of it, at least, leaves the point of application and circulates 
hroughout the body (Vles and deCoulon, 1936). The induction of tumors 
t sites remote to the region of their application may be either the result of 
irect or indirect action of the carcinogen upon different tissues (Burrows, 
932). The old concepts of local and systemic origins of tumors may thus 
se discussed and perhaps re-evaluated. 
_ Many early investigators found that the application of a carcinogen to the 
skin of a mouse (by painting a solution of the carcinogen dissolved in benzene) 
d, in many cases, to skin cancer. The injection of the same carcinogen 
beneath the skin (in crystalline form or dissolved in a vehicle such as paraffin 
or sesame oil) resulted in the appearance of a fibrosarcoma. Initial credit 
for the discovery of the chemical nature of substances contained in coal tar 


and having the power to induce tumors experimentally in susceptible animals 
_ * The data included in this article were obtained in the Department of Anatomy, Yale 
University School of Medicine, while the author was a World Health Organization Fellow. 
The work was made possible by grants to L. C. Strong from The Jane Coffin Childs Memorial 
Fund for Medical Research, New York, N. Y.; The Anna Fuller Fund, New Haven, Conn.; 
and the National Cancer Institute, Public Health Service, Bethesda, Md. 

~ Some of the conclusions presented here have appeared in Zeitschrift fur Krebsforschung, 
Volume 58, Article 1, pp. 1-27, 1951, from which they are reproduced by permission of the 
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belongs to a group of English investigators, E. L. Kennaway and his col. 
leagues (Burrows, e¢ al., 1932). About the same time, Fieser and his cold 
leagues (Fieser, 1941) had synthesized methylcholanthrene and determined¢ 
its carcinogenic properties when applied to or injected into mice. A veryy 
large number of chemical substances have since been found to have ej 
capacity to induce tumors in certain animals. } 

Due, no doubt, to the appearance of cancer in almost every mouse afte 
the application of a carcinogen, knowledge of the molecular structure of the 
carcinogen has increased much faster than the genetic analysis of the natures 
of the responsive-to-cancer host (Kennaway and Kennaway, 1937; Fieser, 
1941; Jones, 1942a, 1942b, 1942c). 7 


GENETICS OF CANCER IN MICE | 


Extensive work has been done during the last forty years on the nature oft 
heredity in relation to the three types of tumors found in mice Saree: | 
transplanted, and induced). Like almost all quantitative characters (charac: 
ters with an extended variation of phenotypes) studied thus far, the genetic! 
nature of the initiation of tumors in mice remains an obscure question. In} 
common with other quantitative variables, it has been shown by several 
investigators (but particularly by Heston, 1944) that multiple genes are 
involved in a susceptibility to tumors induced by chemical means. Inter: 
relationships between the three types of tumors, however, are still not clearly 
understood. A wide variety of physical and chemical agents, parasites, 
and viruses that may somehow play a role in the transformation of a normal 
cell to a malignant one are known to affect an organism from its early uterine 
life to its death. The difficulty of controlling these agents adequatel 
remains one stumbling block in an understanding of the genetic nature of the 
origin of cancer (in contrast to cancer susceptibility). : 

A very important outcome of early genetic work was the production of 
many strains of mice by hybridization, selection, and inbreeding, each strain 
possessing characteristics of developing tumors at certain sites in more or 
less constant proportions when kept under similar experimental condition: 
(Strong, 1942; Snell, 1941; Law, 1948). These inbred strains of mice have 
been valuable for cancer research (Little, 1947). In fact, the final analysis o 
cancer susceptibility and the origin of cancer depends upon their continue 
use. 

Hybridization of mice of various strains, with a study of the second hybri 
generation (F2) and the backcross to the parental types has shown that th 
segregating genes for chemically induced cancer susceptibility are multipl 
(Lynch, 1927; Andervont, 1937, 1938; MacDowell et al., 1941, 1945). 
Studies on linkage have yielded clearer results. Heston (1941, 1942a, ced 


Heston and Deringer, 1949) has found an increase in the incidence of induce 
lung tumors associated with the presence of chromosomes carrying the gene 
for shaker, flexed tail, lethal yellow, and hairless. Other instances of linkage 
also have been observed (Little, 1934; Bittner, 1944; Strong, 1946). An 
extremely interesting field has been opened by the discovery of chemical 
mutagens (methylcholanthrene and the nitrogen mustards) and a high cor- 


| 
: 


Sanghvi & Strong: Selection and Tumors in Mice 841 


lation between the mutagens and the carcinogens (Carr, 1948; Auerbach, 
949: Demerec, 1949; Strong, 1945). 

Genetic selection has been used extensively for the production of inbred 
rains of mice, but has not been utilized adequately for an understanding of 
e role of heredity in the initiation of tumors. Kreyberg (1938), however, 
as reported the effects of selection on the earlier and the later appearance of 

mors induced by tar (Saxolintjaere). Following several generations of 
ivergent selection, he obtained two lines that differed significantly in the 
ppearance of chemically induced tumors. 

The purposes of the present experiment were (1) to study the effect of 
election on tumors induced by methylcholanthrene; (2) to produce, if possi- 
le, mice that would not develop tumors at the site of the injection of a 
otent carcinogen or at any other site; (3) to compare our findings with 
revious work on the genetic nature of cancer susceptibility and the origin 
f cancer; and (4) to correlate the recent findings in the field of cancer research 
ith some fields of general biology. 


Materials and Methods 


ORIGIN OF pBr STRAIN 


The present experiment includes observations on 2966 mice of one of the 
everal sublines of the NHO strain, produced by a single mating of a JK 
© a CBANG in the year 1937. This subline contains the mutant genes for 
ink eye, brown, and nonagouti and is therefore called ‘““pBr” (genetic con- 


CBAQ 
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112993) 


No 
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112987, 


Ficure 1. Ancestry of the pBr subline from the NHO strain. 
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stitution ppbbaa). The CBANc* used for this cross was of the ninth inbr | 
generation from a cross of a CBA toanNo’. The origins of the JK, CBA, 
and N strains (Strong, 1937, 1942) used for the production of the pBr and! 
related sublines are shown in FIGURE 1. 


ScoPE OF EXPERIMENT 


Data are fairly complete on mice up to the twentieth generation of inbreed-- 
ing following the establishment of the pBr descent. Mice of the twentieth | 
generation born up to April 30, 1947 have all died and are taken into account: 
in the present analysis. The experiment is being continued, and mice in the ; 
twenty-eighth generation are now under investigation. | 

The first 3 generations of the NHO strain consisted of 9 mice used for’ 
breeding purposes only. From the fourth generation onward, each one f 
2957 mice in the pBr descent, between 60 and 70 days of age, received in its | 
right flank a subcutaneous injection of 1 mg. of methylcholanthrene dissolved 
in 0.1 cc. sesame oil. The mice were allowed to breed and were permitted to | 
live as long as they appeared to be healthy. They were sacrified when any | 
growth appeared at the site of injection of the carcinogen or at any other | 
location on the surface of the body. Failing a superficial tumor, the mice | 
were sacrificed upon the appearance of emaciation, loss of weight, or any 
other obvious sign of serious debility. Many of the mice died without 
detectable tumors. They were then autopsied, and all pathological lesions 
were saved for sectioning and examination. 


TABLE 1 : 
NumBer or Mice Excitupep FRoM ANALYSIS 7 
No. of mice No. of mice 
inserted excluded : 
Period of from analysis ; 
generations 
Females} Males | Females! Males 
Fy -Fyi. 291 323 18 16 
Fi3-Fi¢ 500 484 35 22 
Fy-F ao 706 653 45 29 
Fy —Foo 1497 1460 98 67 


Sa Sian ee eee A QeRCeeE Meee Uae 


: 
The data of the methylcholanthrene-injected mice are divided into threel 
periods of successive generations, namely, Fy to Fy2, F13 to F 16, and Fy7 to Foo 
for convenience of analysis. TABLE 1 shows the number of mice in eachi 
group and the mice that were excluded from a statistical calculation. . 
The excluded mice had either died and were eaten by their litter mates 
or were found in such condition that a post-mortem examination was impos- | 
sible. _ Also a few mice had died of accidental causes or escaped early in the 
experiment. 


| 
| 
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The major point of selection between inclusion and exclusion for a mouse 
as taken to be at 60 days following the subcutaneous injection of methyl- 
olanthrene. At this time all mice were examined weekly for the presence 
r absence of tumors. A few mice showed induced tumors between 50 to 
0 days following the injection. 


LATENT PERIOD 


Throughout this experiment an attempt was made to determine as accu- 
ately as possible, in days, the latent period (number of days between the 
jection of methylcholanthrene and the initiation of a tumor at the site of 
njection or elsewhere on the surface of the body) of each mouse. The time 
t which a suspected nodule was actually increasing in size was deter- 
ined by weekly observations. Soft, flabby nodules that appeared at the 
ite of the injection of the carcinogen were considered to be either an inflam- 
atory reaction or due to the persistence of the sesame oil. The sizes of 
hese early nodules were drawn on coordinate paper and a question mark was 
dded. When the nodule became firm and increased progressively in size 
ver a period of time the nodular mass was considered a tumor and the animal 
vas then sacrificed. In a preliminary experiment, all methylcholanthrene- 
mjection sites were sectioned for microscopic study to ascertain the cellular 
hanges taking place at the time when malignant tumors were actually 
starting to grow. No attempt was made to study the period of survival of 
he mice in this series after the palpable tumors were detected. The values 
of latent periods are accurate for the tumors that were visible originating 
ither at the site of the injection of the methylcholanthrene or elsewhere on 
the surface of the body. For mice with tumors of the internal sites, there 
was encountered a difficulty of getting an accurate value of latent period. 
Mice with internal tumors (lung, liver, stomach, or uterus) were killed when 
the tumors were big enough to be palpated. However, many of the internal 
tumors were first detected at autopsy. When a direct value of latent period 
was not obtainable, thirty days were subtracted from the date of killing or 
death in order to arrive at a rough but comparable estimate of latent periods. 
When a mouse developed multiple tumors, in addition to a local one, the 
latent period for the tumor arising at the site of the injection of methyl- 
cholanthrene or on the surface of the body was taken to be the latent period 


for all tumors. 
SELECTION 


_ A constant attempt was made to increase the latent periods of tumors in 
mice of succeeding generations by selecting young from breeders with the 
longest latent period. This selection experiment was part of Strong’s pro- 
gram to obtain mice that would not give rise to malignancy in any form no 
‘matter how great the insult. In this experiment, 1 mg. of a very powerful 
carcinogen (methylcholanthrene), given to the mice at a very sensitive age 
(60 days), was considered to be sufficient. One mg. of methylcholanthrene 
at 1 injection is not an overwhelming dose, since a mouse receiving 2 mg. will 
‘develop a tumor somewhat earlier than a mouse receiving 1 mg. (Hollander, 
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1949). Up to the twelfth generation of inbreeding, only litters of thom 
breeders that had a latent period of more than 200 days were kept. In the 
earlier generations of the NHO strain, which gave rise to the pBr descent 
without genetic selection toward resistance to chemically induced tumors, 
the average latent period of induced tumors was 125 days. From the thir~: 
teenth generation onward, the potentiality of each breeder was evaluateds 
as an average of the latent periods of its female ancestry. The mean of 
potential latent periods of these breeders was further taken. The litters 
of only those breeders with a longer latent period than this mean were con- 
tinued in the experiment. Once a mouse had been injected with methyl 
cholanthrene, however, it was continued in the experiment. Only its descend- 
ants were excluded by not receiving the injection of methylcholanthrene. 

The mean of the potential latent periods of breeders of the twelfth genera-- 
tion, which gave rise to the thirteenth and subsequent generations, was 
316.6 days. The mean for the breeders of the sixteenth generation was: 
352.0 days. The mean for the breeders of the twentieth generation, which} 
gave rise to the twenty-first and subsequent generations, was 410.6 days.. 
The maximal selective latent period for any subline was 436.0 days, but: 
these mice are beyond the scope of the present investigation. | 

HIsTOLoGy ; 


A total of 2544 tumors (counting all the tumors at the single site as 1) 
was detected at various sites in 2231 mice between the F4 and Fo generations, 
which developed tumors after the injection of methylcholanthrene. When 
it was decided that a sufficient number of tumors had been examined to make 
possible a conclusion concerning their pathological variability and diagnosis, 
tumors at the site of injection with a latent period of less than 150 days werk 
not saved. When a mouse was found dead and its tumors were not in good 
condition for histology, the tumors were also not saved. These were mainly 
lung and liver tumors, and since, in this study, all lung tumors are called 
adenomas and all liver tumors arising in the liver cells are called hepatomas, 
these tumors can be classified on gross appearance only. All other tumor 
were saved. The total number of tumors saved and studied for histolo 
was 1528. Tumors were fixed in Bouin’s fluid and stained with hematoxyli 
and eosin. Special stains were used in cases of suspected muscle tumors an 
in the differentiation of tumors of the forestomach. 


UPKEEP oF MICE 


The mice were separated at weaning age, six or less in each cage, and 
were given a diet of Nurishmix and lettuce, with unlimited water. They 
also received, weekly, a mixture of grains (wheat, oats, and sunflower seeds) 
and calf meal pellets. Enriched bread, soaked in fortified milk, and Squibb’s 
cod liver oil were given to the mice twice a week. Mice used as breeders 
were placed in reserve following the weaning of adequate offspring to coum 
tinue the next generation. All mice born in reserve were discarded at birth. 
F emale mice in reserve were placed in other boxes containing reserve mice 
from time to time. When a box contained a male, however, in order to 
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oid fighting, no other male was added. The temperature of the room in 
lich the mice were kept was 70° to 73° F., the humidity, 50 to 60 per cent. 


Results 


Tn order to facilitate the presentation of the results it was necessary to 
alyze first the broader aspects of the experiment followed by a detailed 
alysis of each suspected variable involved in the experiment. 


PRELIMINARY ANALYSIS 


TABLE 2 contains the data of the entire experiment included in the analysis 
d their certain characteristic features. Mice are divided into three broad 
oups: the group “local only” includes the mice that developed tumors at 
e site of injection; the group “other sites” includes the mice that developed 
imors at other sites with or without local tumors; and the “nontumor” 
roup includes the mice that died and revealed no evidence of tumors at 
utopsy. Leukemic mice, which were few, are also included in this non- 
mor group. The latent period is divided into classes of 100 days each. 
nder the heading covering the latent period of the nontumor group in 
ABLE 2 is inserted the number of days the mice lived after the injection of 
he carcinogen. The shortest latent period observed for the appearance of a 
umor was 51 days in a male mouse. This tumor was an epidermoid car- 
jnoma that developed at the site of the injection of methylcholanthrene. 
Phe longest latent period for any methylcholanthrene-injected mouse was 
147 days, also a male, which, at death, had 11 lung adenomas. After the 
ajection of methylcholanthrene, a female mouse died at 947 days without 
evealing any tumor. 
- Ficurk 2 is a graphic representation of the data in TABLE 2, where the 
1umbers of mice in each class are plotted as percentage frequencies. It shows 
hat local tumors and tumors at other sites have a characteristic distribution 
f latent period. It also shows the changes in the incidence of types of 
Fumors in the 2 sexes during the 3 successive periods of generations. The 
last 2 columns of TABLE 2 show the incidence of tumors and their percentages 
ithout taking into account the latent periods. TABLE 3 contains values of 
X? and the corresponding statistical significance for the 9 different combina- 
tions of data for the 2 sexes and the 3 periods of generations. The left third 
of this table shows the significance of the differences in“ the incidence of 2 
sexes in the 3 periods of generations and leads to the following conclusions: 
(1) Difference in the incidence of 2 broad groups of tumors and the non- 
tumor group of the 2 sexes in the first period of F, to Fi gives a value of 
K2 = 1.2 (0.5 > P > 0.3), which is not significant. 
(2) Difference in the sex ‘ncidence in the second period, F13 to Fis, gives 
@omine of X? = 6.2 (0.05 > P > 0.02),-which is significant. This signifi- 
cance is due to the differences in the incidence of tumors at sites other than 
local and the nontumor group. 
~ (3) The tumor incidence in the 2 sexes shows a highly significant difference 
in the third period, Fiz to Feo. Incidence of local tumors in this period is 
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2 per cent in females against 38.0 per cent in males. This difference is 
inly balanced by a difference in the tumor incidence at other sites. 

The right-hand portion of TABLE 3 gives values of X? for differences in the 
idence of females and males separately for the 3 possible combinations 
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-Ficure 2. Percentage frequency of mice with their latent periods and tumor classifi- 


ation according to sites of origin. 


f the 3 periods of generations, namely, I X II, Il X III, and I x IH. 
[hese values lead to the following conclusions: 

(1) For females there is a highly significant difference in the incidence 
setween the first and second periods and also between the second and third 
yeriods, but there is no significant difference between the first and third 
yeriods. The incidence of local tumors is 65.5 per cent in the first and 41.3 
yer cent in the second against 62.7 per cent in the third. This difference is 


Po 
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balanced by differences in the incidence of tumors at other sites and in tt 
nontumor group. r t 

(2) For males there is a highly significant difference between the first ant 
second periods but, unlike the females, there is no significant differe q 
between the second and third. The incidence of local tumors is 65.2 po 
cent in the first against 39.5 per cent in the second and 38.0 per cent in thi 
third. 


TABLE 3 

STATISTICAL ANALYSIS OF TUMOR ONSET WITH REFERENCE TO SEX FOR EACH 
GENERATION AND THE GENERATION FOR EACH SEX 

(X2 VALUE AND STATISTICAL SIGNIFICANCE) 


a te 


ox os Females 
Period Period 1 
x? P x? P x? iP } 
I Pe ee Gist Bx Ir 26-7 <.0001 | 55.7 <.0001 
II 6:22.05 > PS .024- 41 ST S0n8 < .0001 0:5 38> Poa 
III 88.0 < .0001 TX 028 SP Sao <.0001 


4 

From the above observations the information about differences in the 
incidence of the two groups of tumors and the nontumor group could be sum. 
marized as follows. The incidence of tumors in females and males in the fi 
period is similar. In the second period this tumor incidence changes con- 
siderably in both the sexes, giving particularly a low value in the incidence 
of local tumors. In this second period the incidence of local tumors in the 
two sexes is similar, but there is a significant difference in the incidence 0: 


more and is similar to the first. 


DETAILED ANALYSIS 


The variables examined during the course of the analysis are the gro | 
anatomical sites at which tumors developed, their histological characteristic 
(wherever possible), and the latent periods measured in days. The data 
the third period of Fi; to Foo generations were large enough to make possi 
further examination of two different families of direct lineal descent th 
had had common parents in the eighth generation of inbreeding, 


Site 
_ The classification of tumor formation in TABLE 2 was simplified by listi 
in the group “Jocall only” all mice that developed tumors only at the site 
injection, by putting in the “nontumor” group all mice in which no tum 


was detected at autopsy, and by putting all the rest of the mice in the grou} 
of “other sites.” By this method of classification some of the detail 


Sanghvi & Strong: Selection and Tumors in Mice 849 


ormation was lost, since the mice with local tumors that had also developed 
mors at other sites were grouped with the mice with “other sites.” 
pmplexity was greatly increased when “‘other sites ” were further analyzed 
cording to the actual sites, because of a very large number of mice that 


TABLE 4 
Numser or Mice with REFERENCE TO LOCATION OF THE TUMORS, SEX, AND 
GENERATIONS OF INBREEDING 


F.-Fis Fis—F ic Fi7-F20 
Site of tumor > 

Q ot e fol 2 oe 

gen GS Slo ee ae 179 200 192 182 415 23. 

2 eae oe SOE Bolo Oe ee 30 D5) 29 14 38 14 

and forestomach.............-..-- — 2 1 
ES i reteesioke Seinen ots ies a 1 a 2 = ii 
mph dung and liver............-+--| 1 1 1 — 3 
with lung and iliac.............--- i! — _- — — — 
PUPOEOVATY Sooo 6 5 sts whee eset — = 1 — — — 
mppice ONLY:...0-.------ eset 2 3 Al) 7 2 6 
| ARCS pee eon cnn nies eer #2 4 15 10 10 6 
with lung and liver..........------| D 
MEECODIY ©... ec eee ee ee 12 23 65 124 30 155 
‘and forestomach.......---.-++++++ 1 it 1 2 10 10 
oa. BLK 2 ga een oc eS c= 4 oe 12 2 26 
‘and pancreas........--- Benen ais 3 = a = — — 1 
maid kidney. ..-<.---7-- +--+ +--+: — 2 — 
Mme heart. 2... se ee ee ee ee — = 1 2 — — 
Bead OVALY == aes = — os — 3 — 
Pd uterus... - 2p eee et — = 1 “= — — 
with liver and forestomach........ al = 1 == = 3 
With liver and ovary......--..+--: — — — — 1 -= 
@restomach........---+---sse eee — — 3 2 9 18 
i Se — 1 2 Z 1 8 
GIES YA ee i a == — 1 = = — 
end kidney........+----- ser eseee — — 1 — — = 
MRR recs, wiviaiee eee aes a= a 1 — 1 
RG Meat. oi) seh le sia' te vs — = 3 — if — 
fers and CerViXs..----.-6-- eee] — 5 = — = 
Yontumor Oe Oe ne Senta aT 46 42 126 101 114 132 
Re ae ae 273 | 307 | 465 | 462 | 661 | 624 


= 


d multiple tumors. A mouse was classified as having multiple tumors 


mly when the two or more tumors were histologically different. Mice with 
netastatic or invasive tumors were considered to have developed only one 
umor but, since the mice were killed early, very few showing metastases 
ere encountered in the entire experiment. TABLE 4 contains an exhaustive 
lassification of the mice according to sites of tumors in the two sexes during 
he three periods of generation. This table is an extension of TABLE 2, 


‘7 
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where mice with tumors at other sites were distributed according to the sit! 
or sites, without taking into account the latent period. A large number o¥ 
mice with multiple tumors makes it difficult to comprehend the incidence 0¢ 
tumors at various sites. However, in order to arrive at a fairly satisfacto ry 
method of classification, the basis of analysis was changed from the numbeg 
of mice to the number of tumors. For instance, in F4 to Fy2, 227 females haa 
an aggregate of 262 tumors and 46 died without any tumor being detectedi 
These 262 tumors are classified according to the site at which they appeared: 
TaBLE 5 contains such an analysis of the number and percentage incidence 
of tumors according to the site, the sex of the mouse, and the generation durt 
ing which the tumor developed. 


NUMBER AND FREQUENCY PERCENTAGE OF THE TUMORS IN REFERENCE TO 


TABLE 5 
Location, SEX, AND GENERATIONS OF INBREEDING 


Fi-Fy Fi3-Fig Fiz-F 29 | 1 


4 

Site of tumor | Females Males Females Males Females Males : . 

ee | 

No. | % | No.| % | No.| % | No % |No.| % | No. 7 

ocala wee... 210 | 68.2} 229 | 66.4| 223 | 42.9) 199 | 39.3] 453 | 62.2] 256 | 36.6 

SULaCes. ace. 4 1.3 7 Ze Ole So Ga2ih U7 S45 2 1.6) 14 0 

Forestomach. . 1 Ors 3 0.9 9 1.0 4 0.8} 19 2 :Gl eo2 | 
Dan oon, ones 46 | 14.9} 58 | 16.8} 114 | 22.0] 165 | 32.6] 119 | 16.3] 220 
eNVerete 0 toe 6 ee 6 128) 1a 3.4 4 0.6) 43 
MISC Hie caste a 1 0.3 13 Des 3 0.6 ia 1.0 2 
Nontumor....} 46 | 15.0} 42 | 12.2] 126 4.3 0.0 15.7) 132 

LOtAIS yes 2 ts 308 |100.0} 345 |100.0 


e right side of the body, 


will be described later in the section on histolo 
consists of all other tumors listed on TABLE 4. 

Ficure 3 is a graphic representation of the data on percentage incidenc 
of cna given in TABLE 5. A consideration of the graph shows the followin 
trends: 

Local. In females the incidence of local tumors, which is 68.2 per cent in 
the first period, decreases to 43.0 per cent in the second and rises again 
62.2 per cent in the third. In males it decreases from 66.4 per cent in the 
first to 39.3 per cent in the second, and stays at 36.6 per cent in the third | 

. 
, 


gy. The miscellaneous group 
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(Figures in brackets refer to number of mice in each group.) 
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Percentage frequency of the tumors at different sites. 


} 
Fi Ficure 3. 


Surface. Both females and males show a rise in the percentage of surface 


tumors in the second period, the percentage in the third being similar to that 


in the first. 

“Forestomach. In both the sexes there is a rise in the incidence of fore- 
stomach tumors in the third period. 

4 Lung. The most preponderant type in the group of tumors at sites other 


- 
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than the local are lung tumors. Variations in the percentage of incidence 
are very large, mainly balancing the variations in the percentage of incidence 
of local tumors. In females the incidence of lung tumors was 14.9 per cent 
in the first period, 22.0 per cent in the second, and 16.3 per cent in the thirc 
In males lung tumors developed in 16.8 per cent of the mice in the airs’ 
period, 32.6 per cent in the second, and 31.5 per cent in the third. . | 

Liver. The occurrence of a small number of liver tumors in females waz 
in marked contrast to the increasing percentage of incidence in malet 
during the three periods. In males liver tumors appeared in 1.7 per cen’ 
in the first period, 3.4 per cent in the second, and 6.2 per cent in the third 
accounting for 43 liver tumors of 567 tumors in males against only 4 lives 
tumors of 614 tumors in females in the same period. 

The observation based upon the preliminary analysis on slightly significa 
differences in the second period in the two sexes is due to the differences ir. 
the incidence of lung tumors. Highly significant differences in the incidente 
during the third period in the two sexes are due to differences in the incideneé 
of local tumors, balanced by the difference in the incidence of lung and iv 
tumors. | 

Families | 


In Fy7 to Fxo, of a total of 1285 mice, 403 belonged to a group of mice that 
were the descendants of a single mating in the fourteenth generation, a 
283 mice belonged to another group that were the descendants of another 


TABLE 6 
NuMBERS OF MIcE IN REFERENCE TO THE HisToLoGy oF THE LOCAL Tumors A 
SEX IN THE Frrst GENERATION GROUP 


Histological type 


Single type sh atop Multiple type 


Connective tissue Fibrosarcoma and 
Bibrosarcomays.s....0: een eal O07 Oy Epidermoid carcinoma....... 
Myxosarcoma ag SENS Te —| 2 Rhabdomyosarcoma......... 
Wndiftisarcomay.- ¢..ce ele ae My xosarcoma.< seen eset 
Pleomorphic Sarcoma......... —| 4 Endotheliomacu... 202.0, 

Muscle tissue Epidermoid carcinoma and 
Rhabdomyosarcoma.......... vee | sal INYXOSAFCOMB Soc cule 

Blood vessel Adenoma of M.G............ 
Angiosarcoma. 4.40.) ook 1 | 2 | Epidermoid carcinoma 

Melanosarcoma PM ee utente 1 1 Rhabdomyosarcoma......... 

Epithelial tissue Adenocarcinoma of M.G..... 
Epidermoid carcinoma......, 17 | 16 | Carcinoma of M.G. and angioma 
Anaplastic carcinoma.........| 4] 6 : 

Mammary gland HDOtall nnn te 
Adehocarcnomia ly. 0.2.) ... Gal See ahem eld eta 
Scirrhous carcinoma..........|_ 1.| — 

Cancingniay sc. sete edi 8s Yl 
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le mating also of the fourteenth generation. These two pairs of mice 
he fourteenth generation had a common parentage in the eighth genera- 

Genetic differences in the two families therefore may be the residual 
s after the first eight generations of inbreeding. TABLE 6 contains the 
abers and percentage of incidence of tumors at different sites in these two 
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“Ficure 4. Percentage frequency of tumors at the injection site (local) in regard to 
hit types. : 


ilies. The method of analysis is based on tumors, asin TABLE 5. FIGURE 
js a graphic representation of these data. 

Fach one of the families has a characteristic incidence of tumors at dif- 
erent sites for each sex, whereas the incidence of the nontumor group is siml- 
ar for both families. 

The incidence of local and surface tumors in both the sexes is higher in 
he first family than in the second. In females the incidence of local tumors 
59.5 De, cent in family 1 against 48.8 per cent in family 2; in males the 


of 
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same incidence is 40.0 per cent in family 1 against 25.0 per cent in family : 
This difference is balanced by a higher incidence of lung and forestom: 
tumors in the second family. In females the incidence of lung tumors 
12.1 per cent in family 1 against 26.2 per cent in family 2; in males the inc 
dence is 20.5 per cent in family 1 against a high value of 37.2 per cent i 
family 2. This difference in the specific tumor types in mice of the tt | 
families is significant (for 99 X? = 13.075, P < 0.001, and for oo X* = 
15.51,-P’< 0.001); H 
The two families were further analyzed for other variables, namely, litt 
seriation and latent period. The incidence of tumors at different sites 
mice of the first two litters did not show a significant difference from th 
incidence of late litters for either sex in the two families. Difference in t 
means of latent period of local tumors also was not significant for ee | 
sex in the two families. | 


Histology 


A large number of distinct histological types was encountered in the 
local tumors. Variations in histological patterns were observed at othe 
sites also. A brief description is given below about the histology at eae 
site: 

Local. Of a total of 1570 tumors that developed at the site of injecti 
1089 were examined for histology. The first 198 local tumors were 
saved, after which the local tumors with a latent period of less than 150 days 
were not saved. The histological classification of these 198 local tumors is 
given in TABLE 7. It might be mentioned that the type noted in TABLE 7 
is based on the main types of cells encountered in the section. Many see- 
tions contained more than one type of cells and are included in the multiple 
types. 

Great variability was found, not only between multiple tumors arising i 
a single individual, but also in the histological appearance of two sections 
from the same tumor. In fact, considerable variations of histology were 


TABLE 7 
NUMBER AND PERCENTAGE FREQUENCY OF THE TUMORS AT THE INJECTION SITE 
IN REFERENCE TO THE HisTo.ocy, SEX, AND GENERATION PERIODS 


Fy-Fi2 (Actual) Fi-Fiz (Modified) Fis—Fie 


Histology Females Males | Females Males | Females Males 


Males 


Females 


Connective tissue .| 86] 5 53] 60.9} 71] 75.5] 78] 42.4/111] 74.0] 98 is 
1 


, 5.5 9 3.8|146| 74.4 
Muscle tissue... .. 16) 10.3).11) -6.1) 5} 5.8! 6). 6.4| 2) 1.1] 6| 4.0) 11] 3.81 oleae 
Blood vessel ata ey, OF BOI) Sl DB). ANS se ee a 4.3) 5) 2.7) 13} 8.7] 18] 6.2] 19 9. 
Epithelial tissue...| 33] 21.3] 27| 15.4) 12) 13.8] 11| 41.7] 15| 8.21 17] 11.31 271 9:3 21] 10 
Mammary gland. .| 43) 8.4|—~| — | 131 14,9|—| i-w @d)-as.6]——| 0% (aaah aenatae ee 
Miscellaneous... .. A) 0.6). 2) faa) teal 2) eae |g oo) ial a ghee 


87/100.0) 94/100.0/184/100.0]150|100.0 290/100. 0/197 100. ¢ 
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ountered in various fields of the same tumor. It is possible to classify a 
or by the prevalence of the dominant cellular arrangement. The tumor 
s called fibrosarcoma, however, when any fibroblastic arrangement of the 
Is could be indicated. 

Surface. Of 86 tumors that developed on the surface of the body at sites 
er than local, 60 were examined for histology. Their types were similar 
those obtained in the local tumors. 

Forestomach. Of 64 tumors of the forestomach, 52 were examined for 
tology. They showed two main types: epidermoid carcinoma and spindle 
Ilneoplasm. A third type was a mixed type of these two. The incidence 
epidermoid carcinomas was 11 in females and 16 in males, the incidence 
spindle cell neoplasm was 8 in females, 9 in males, and the incidence of the 
ixed type was 3 in females and 5 in males. 

Lung. Of 722 lung tumors 277 were examined for histology. No attempt 
as made to classify the histological variations in these tumors. 

Liver. Of 76 liver tumors 40 were examined for histology; 33 were hepa- 
mas, 5 histiocytomas, and 3 reticulocell sarcomas. 

Miscellaneous. This group contains the tumors of the uterus, ovary, 
idney, andheart. Of 3 tumors of the uterus examined, 2 were hemangiomas 
1 was leiomyosarcoma. All 3 ovarian tumors were granulosa cell tumors, 
d the 2 kidney tumors were hypernephromas. Two heart tumors examined 
ere secondary to mesothelioma, arising from either the surface of the lung 
-from the pleura. 

No data of the various histological types were sufficient for further sta- 
stical analysis except the local tumors, and here the picture of the incidence 
{ histological types was complicated by the fact that the tumors with a 
tent period of less than 150 days were not saved during the later part of the 
periment. In view of the variations in the incidence of local tumors in the 
periods of generations, it was important to see whether variations were also 
king place in the incidence of different histological types in the 2 sexes during 
ne 3 periods. An attempt was made (TABLE 8) to compare relative varia- 
ions in the histological types of local tumors. The difficulty of grouping the 
ultiple histological types was solved partly by effecting a classification: on 
he basis of histological types instead of tumors. Some new types appeared 
n the second and third periods, and all were conveniently classified in the 
ive broad types shown in the table. The data shown in the column of Fy to 
Fi. (A = actual) are the exhaustive data shown in TABLE 7. Fora rough 
somparison with the other 2 periods, these data are modified by not taking 
nto account the local tumors with a latent period of less than 150 days. 
FIGURE 5 is a graphic representation of these data and suggests the following 
conclusions: 

_ (1) A comparison of F, to Fis (A) in the two sexes shows that the percent- 


uge of incidence of histological types differs in the two sexes. The incidence 


of connective tissue tumors is 55.5 per cent in females and 74.9 per cent in 


males. 
(2) In females the incidence of mammary gland tumors increases from 


14.9 per cent in the first period to 45.6 per cent in the second and stays as 
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) per cent in the third. The incidence of connective tissue tumors drops 
m 60.9 per cent in the first to 42.4 per cent in the second and 33.8 per cent 
the third. Mammary gland tumors were entirely restricted to the 


ales. 
3) In males percentage incidence of histological types remains more or 


the same in the three periods of generations. 
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: LATENT PERIOD IN DAYS 
- Ficure 5. Percentage frequency of the latent periods for tumors at various sites. 


-Ficure 3 shows that changes in the percentage incidence of local tumors 
1 the three periods of generations are not related to the changes in the per- 


entage incidence of their histological types. 


Latent Period 


As mentioned previously, an attempt was made to determine as accurately 
s possible the latent period of tumors at different sites. It was possible 
get an accurate value of the latent period for local and surface tumors. 

other instances, when a direct value was not available, 30 days were sub- 
racted from the date the animal was killed or found dead. TABLE 9 con- 
ains frequency distributions of latent periods for local tumors in classes of 
0 days at 5 different sites and the nontumor group. Data for the 2 sexes 
ind the 3 periods of generations are combined together. Local and lung 
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Ips contain the mice with local and lung tumors only. Surface, fore- 
ach, and liver groups contain mice with those respective sites, together 
| mice having lung tumors. All other mice with multiple tumors are 
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Ficure 6. Percentage frequency of tumors at various sites for both families (numbers 
| parentheses are the numbers of mice in each group). 


xcluded from these distributions (FIGURE 6). In order to avoid complexity, 
ontinuous curves are drawn instead of histograms. 

The last column of TABLE 9 gives mean values with their standard error of 
ytent period of each one of these sites. It might be noted that each site 
as its characteristic value different from the rest. The nontumor group 
as an average survival time of 319.0 days after the injection. 
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fhe numbers of mice in the surface, forestomach, and liver groups are too 
Il for further detailed analysis. The numbers of mice in the local, lung, 
| nontumor groups are sufficiently large and are analyzed further. Mean 
ues of the nontumor group in the two sexes during the three periods of 
erations do not show significant differences. Frequency distribution and 
an. values of local and lung tumors in the two sexes in the three periods 
given in TABLES 10 and 11. 


: Taste 11 

JUMBER OF MICE AND PERCENTAGE FREQUENCY OF THE TUMORS IN REGARD TO 

Site AND SEX FOR THE Two DiFFrERENT FAMILIES, IN THE THIRD 
GENERATION PERIOD ONLY 


Family 1 Family 2 
Site of 
ear Females Males Females Males 
No. % No. % No. % No. % 
Sena 138 59.5 84 40.0 80 48.8 41 25.0 
Miace.....-.-- 12 Sie, 5 2.4 4 2.4 iy 0.6 
mestomach........ 2 0.8 6 2.8 8 4.9 14 8.5 
cg 28 125.1 43 20.5 43 26.2 61 SilaPs 
— _— 19 9.0 — — 11 6.7 
Barr see 3 1.3 1 0.5 — _— 1 0.6 
roja 000 (0) See 49 Pilea 52 24.8 29 Wher 35 21.4 
232 100.0 210 100.0 164 100.0 164 100.0 
J 


Frequency distribution of local tumors is given in classes of 25 days. 
ifferences in the means of latent periods between the 2 sexes are not sig- 
ificant in any 1 of the 3 periods. Means of the 2 sexes, however, are sig- 
ificantly lower in the first period than in the second and third periods. 


ncidence of local tumors with uncorrelated changes in the percentage inci- 
lence of their histological types. A pertinent point was to find whether this 
ncrease was a lengthening of the latent period of some of the histological types 
yr whether it was due to a change in the percentage incidence of histological 
ypes. From an analysis of the first 198 local tumors that were all saved, 
t was found that the difference in the mean latent period of epidermoid 
sarcinoma (150.8 + 7.0 days) and of fibrosarcoma (167.4 + 3.5 days) is 
significant (t = 2.11, 0.05 > P > 0.02). In view of large changes in the 
yercentage incidence of histological types of local tumors in females and 
ractically no change in males, it is not possible to decide this point. 

Tapie 11 shows the frequency distribution of lung tumors in classes of 
days. Means of the latent period for males in each of the 3 periods are 
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higher than the means for females, and this difference between the 2 se 
is significant. Differences between the periods of generations for each ss 
are not significant. j 
7 
k 


General Discussion 
METHOD OF ANALYSIS 4 

Investigations concerning the genetic analysis of induced tumors in mix 
have usually been hindered by the difficulty of handling the data adequatel/ 
The usual method has been to record the percentage incidence of tumors at! 
certain time after the injection of a carcinogen. Heston (1944) has trid 
to use the number of nodules in the lungs of mice as a measure of variabilit 
Curtis e¢ al. (1934) have used the same technique of counting nodules in tH 
analysis of tumors in the liver of rats bearing cysticerci of the cat tapewornt 
No doubt these methods have given a comparative idea of the potency ¢ 
carcinogens or a comparative idea of the susceptibility of mice and rats ¢ 
different strains. These investigators fail, however, to give a precise idea ¢ 
the effect of carcinogen in terms of latent period. They also fail to take int! 
account a large amount of information as to other effects in mice that did ne 
develop tumors up to a certain point of time. | 

The method of exclusion of animals that did not develop a tumor is als: 
probably not wise, since it distorts the relative importance of carcinogen an: 
host in the development of a specific type of induced tumor. | 

Kreyberg (1938) has adopted a slightly different method by giving, 
each month, the proportion of animals with tumors expressed as a percent 
of the number of animals living at the moment, plus the animals that had die 
of a similar tumor (cumulative data). This method partially meets 
second objection but, like the other methods, it overlooks the first. 

A large number of variables is now known to influence the onset of induc 
tumors in mice and must be taken into consideration in the genetic analysi 
of such tumors. } 

The method of analysis adopted for the present data was devised to m 
the objections and, at the same time, to take into consideration these othe 
variables. It might be noted that the experiment was not planned to stu 
the probable effect of segregating genes in the F, and Fs» or the backer 
generations upon the appearance of the induced tumor. On the contra 
the first three generations of the experiment were utilized only for furthe 
breeding without the injection of a carcinogen. The method of analysis 
therefore of an entirely statistical nature and originally was adopted for t 
purpose of studying the effect of selection toward resistance for induc 
tumors in mice of the Fy to Fs generations. The percentage of homoz 
gosity theoretically increases from 75 per cent in the fourth generation 
about 99 per cent in the twentieth generation, and is more than 95 per ce 
from the twelfth generation onward (East and Jones, 1919), 

The generations of experimental animals are classified into the followi 
three periods: (1) Fy to Fy, (2) Fy3 to Fy6, and (3) Fy7 to Feo. This procedur 
leaves adequate numbers of mice in each period and, at the same time, per 
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the study of the possible trend of genetic selection. It is known that 
atent period and the survival time are two different variables; it was 
sary to decide what was to be measured under the limitations imposed 
e experimental difficulties. Differences have recently been observed 
e behavior of these two variables in relation to characteristics of malig- 
y: Experiments are in progress at this laboratory to determine whether 
is any correlation between the two. 

om the point of view of the effect of carcinogen upon the origin of tumors, 
s thought, however, that the important genetic variable is the latent 
d that measures, in terms of days, the time required for the carcinogen 
tm anormal cell into malignancy. The factors that would determine the 
th of a tumor and the survival of the animal after the initiation of the 
or are probably of a different nature than those that would determine 
initiation of the tumor. As mentioned previously, it is possible to'get an 
rate value of latent period of a tumor that is on the surface of the body. 
tumors of the internal sites, however, it is not possible to determine the 
t time at which the tumor originated. In FIGURE 6 it seems clear that 
ranges of variation of latent periods for forestomach and liver tumors 
fairly small, and an estimate based on subtraction of thirty days from the 
. of killing or death of the animal might be close to the correct value. 
he case of lung tumors, with slower growth potentialities, there is a con- 
rably larger range of latent periods; here it seems that the survival time 
ht be considerably longer than thirty days. In the absence of a reliable — 
ie of survival time of lung tumors, thirty days also were subtracted in 
case of lung tumors in order to arrive at a comparative value of latent 
od. When comparing the absolute values of latent periods of different 
s, this point regarding the lung tumors should be kept in mind. 

ther variables that were necessarily taken into account in the present 
lysis are the sexes, the anatomical sites, the histological types, litter 
and different families in the strain. There were difficulties in 
ling with the anatomical sites and the histological types. A single injec- 
of carcinogen sometimes produces a series of multiple tumors at different 
3s; sometimes multiple histological types appear at the site of injection 
J other sites. Theoretically, for an adequate genetic analysis, it would be 
sessary to consider a tumor instead of a mouse as a unit of classification 
en considering the effect of a carcinogen on the sites, and to consider a 
tological type as a unit of classification when considering the effect on the 
tological types (a unit character?) This procedure is impossible here. 
us, the following three different levels of classification are possible: (1) 
e mouse, (2) the anatomical site, and (3) the histological type. This is 
cessary in order to consider the effect of a carcinogen upon selection at 
ferent levels of continued inbreeding. 

The method adopted for the present analysis makes possible the visualiza- 
yn. of the effect of the carcinogen on either the mouse, the anatomical sites, 
the histological types of tumors in terms of probability. This procedure 
kes into account, singly or jointly, the percentage incidence of tumors or 
e latent periods for a specific type of tumor. The effectiveness of this 
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method is made clear by a concrete example. The first column of TABLL 
would mean that, for a female mouse born in the Fy, to Fiz generations, 1 
probability that it will develop a local tumor at the site of the injection o 1 
carcinogen is 0.682; a lung tumor, 0.149, and so on; and that the probabil. 
of its dying without having any tumor is 0.150. A similar interpretatit 
can be given to other columns of the table. The values of TABLE 7 give 
probability of different histological types when a local tumor also has d sv" 
oped. For instance, the first column would mean that, for a female mo 
born in the F4 to F12 generations and developing a local tumor, the probabil 
that the tumor is arising from connective tissue is 0.555; from muscle tissu 
0.103; and so on. This method thus offers the advantage of utilizing 
the information in a precise way. 


DISCUSSION OF THE RESULTS 


Variations in the incidence of tumors at various anatomical sites ax 
histological types are given in full detail in the preceding analysis. / 
attempt is made below to coordinate the results of latent periods and si 
differences. Variations in the incidence, latent period, and sex differen: 
are the simultaneous results of the combined effects of carcinogen and sele 
tion and should therefore be visualized as such. : 


Latent Period 


This preliminary analysis (TABLE 2 and FIGURE 2) shows that the effect. 
selection toward resistance to induced tumor is to increase the average later 
period jointly for all types of tumors. Further analysis, however, reve 
certain additional interesting points. 

The result of selection toward resistance on local tumors (TABLE 10) 
to increase the latent period of all tumors for mice of the second and 
third periods of generations in both the sexes. The only estimates availab 
for the latent period of histological types of tumors are for epidermoid ca 
cinoma and fibrosarcoma, and there is a significant difference in the lat 
period of the two. In view of the fact that the tumors below a latent pe 
of 150 days were not saved during the later part of the experiment, it was 
possible to decide whether the increase of average latent period is due | 
variations in the incidence of specific types of tumors or to the lengthenin 
the latent period for all types. 

TABLE 11 gives the latent periods of lung tumors in the two sexes duri 
the three successive periods of generations. This series includes the latel 
periods of mice that had lung tumors only. In almost all these cases ‘a 


had died and the tumors were detected at autopsy. The values of late 
periods are therefore comparable to one another, although they are ) 
absolute. The mean values of the latent period show that there are no 
nificant changes in the latent period during the three periods of generatio 
in the same sex; this is true for both the sexes. Thus, the selection 
descendants of breeders with longest latent periods did not result in lengthei 
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he latent period of lung tumors. There is, however, a significant differ- 
in the latent period for lung tumors in mice of the two sexes, and this 
\sistent in all the three periods of generations. 
e values of latent periods in TABLE 9 (FIGURE 6) show that there are 
derable variations in the latent periods of different sites under the con- 
ins of the present experiment. 
he findings regarding the latent period could be summarized as follows. 
e are considerable differences in the mean values of latent periods for 
brs at different sites. The mean value is 201 days for tumors at the site 
jection, 447 days for surface tumors, 478 days for tumors of the fore- 
bach, 510 days for lung tumors, and 570 days for liver tumors. There 
minor variations in the mean values of latent periods of different his- 
bical types at various sites. For local tumors the mean value of the 
at period for epidermoid carcinoma is 151 days and for fibrosarcoma is 
days. There are also small variations in the 2 sexes at different sites. 
lung tumors the mean value for females is 460 days; for males it is 532 
Probably there is 7o effect of selection toward greater resistance to 
ors in lengthening the latent period of any specific type of tumor. 


Sex Difference 


reliminary analysis (TABLE 3) shows that there is no significant difference 
he incidence of tumors in the two sexes in the first period of generations. 
bre is a slight sex difference in the second and a highly significant sex differ- 
ein the third. Although there is no significant difference in the incidence 
ocal tumors in the first and second periods, the percentage incidence of 
ological types of local tumors differs in the two sexes. The incidence of 
nective tissue tumors is 55.5 per cent in females and 74.9 per cent in 
es in the first period. The incidence for local tumors is 42.4 per cent in 
males and 74.0 per cent in males in the second period. A small difference 
the second period in the two sexes is due to the difference in the incidence 
nontumor group. In the third period the incidence 
les is 62.2 per cent and in males 36.6 per cent. The 
tissue tumors in this period is 33.8 per cent of the 
: entin males. The percentage incidence 
histological types of local tumors does not show significant variations in 
s three periods in males, but shows considerable variations in females. 
| land tumors in females increases from 14.9 per 


1e incidence of mammary g 
at in the first to 45.6 per cent in the second and to 45.9 per cent in the third 


riod. 

The incidence o 
males it is very low in all of 
sreases from 1.7 per cent in t 


ung tumors and the 
ocal tumors in fema 
idence of connective 
al tumors in females and 74.1 per c 


{ liver tumors shows differences in the two sexes. In 
the three periods of generations; in males it 
he first period to 3.4 per cent in the second 
d to 6.1 per cent in the third. The differences in the incidence of tumors 
different sites in the two sexes are confirmed by the analysis of the families. 


The findings regarding the sex difference could be summarized as follows. 


vere are considerable differences in the incidence of tumors at different 


| 
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anatomical sites, and also in the histological types of tumors in the two s 
The only major change in tumor incidence in the males during the experim 
is between the first period and the second, reflected in a large decrease in 
incidence of local tumors. The incidence of histological types of local tun 
in males does not show much variation. Females show considerable cham 
both in tumors in different anatomical sites and in histological types 
tumors during all three periods. There are small differences in the m4 
value of the latent period between the two sexes. The incidence of li 
tumors in the two sexes also shows striking differences. Mammary g 
tumors are restricted to the females. . 
Before giving final conclusions based on these results, it is necessam 
consider certain information regarding the genetic interrelationship betwi 
the spontaneous, the transplanted and the induced tumors, and the mec 
nism of action of the carcinogen. | ) 
GENETICS OF CANCER IN MICE | 
As mentioned in the introduction, there are three different levels at wh: 
genetic studies of cancer in mice are being carried out: (1) the spontaned 
tumor, (2) the transplanted tumor, and (3) the induced tumor. Little (194 
has published a comprehensive bibliography of the subject under these th: 
headings. An attempt is made below to take into account the most Cionsh 


facts about each level and to consider the probable genetic interrelationsh: 
between them. 


Spontaneous Tumors 


A general picture of the incidence of various types of spontaneous tum 
in a large population of mice is given in a series of papers by Sly, Holn 
and Wells (see Little, 1947). However, the most important source of info 
tion on the spontaneous tumors in mice has been obtained by the use of t 
inbred strains of mice now available. There are two main features reveal 
by the study of the incidence of spontaneous tumors in mice: 

(1) It has been possible to establish a high percentage incidence of tu 
at certain sites in mice of some strains by hybridization, selection, 
inbreeding. For instance, the mice of strain C3H have an incidence of ab 
90 per cent of mammary gland tumors in breeding females; the mice of t 
A strain have an incidence of 80 to 90 per cent of lung tumors; and the 
of strain C58 have an incidence of 90 per cent of leukemia. 

(2) Strains are available in which there is a gradation of the percen 
incidence of tumors at any one of these sites from a high to an extremely | 
value. For instance, the incidence of mammary gland tumors is ee 
per cent in C3H, about 60 per cent in dba, only about 9 per cent in N 
less than 1 per cent in JK and F strain mice. : 

The clearest evidence of the genetic nature of susceptibility to spontaneo 
lung tumors has been supplied by Lynch (1941) and by Heston (1942k 
Here it appears that multiple genes are involved. It has not been dem 
strated, however, whether a complement of genes is responsible for the col 
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transmission of lung tumor susceptibility or whether some other influ- 
changes this intrinsic susceptibility. 

ncerning the problem of the adenocarcinoma of the mammary gland, 
er (1940) clearly states that three influences are known to affect the 
ence of breast tumors in mice: (1) an inherited predisposition, (2) a 
onal influence, and (3) the milk agent. In addition to these three 
ies, however, a somatic mutation also may be involved in the origin of 
t tumors in mice. This concept has been maintained particularly by 
g (1926a, 1926b) and by Bauer (1928). 

e researches on leukemia by MacDowell et al. (1945), by Cole and Furth 
1), and by Kirschbaum and Strong (1939, 1942) indicate that multiple 
s are involved in tumor susceptibility. MacDowell e al. (1947), how- 
, reported “‘blending” inheritance for leukemia. It is difficult, therefore, 
ot impossible to explain all the facts of susceptibility to leukemia in mice 
rms of gene action. 


Trans planted Tumors 


mmon features of the transplantation of tumor experiments could be 
marized thus: spontaneous tumors derived from mice of an inbred strain 
be transplanted to all members of such a strain, but not to individuals 
unrelated strain. A few exceptions have been observed. In the course 
srial transplantation, changes occur in the transplantability of a tumor 
, henceforth, it could be transplanted into mice of more strains and, at 
s, could be transplanted into mice of almost any strain (Strong, 1926a). 
ther, a tumor derived from a mouse of any inbred strain also could be 
splanted to all the Fi hybrids produced by a cross of mice of the parent 
in with mice of any other inbred strain (dominant inheritance). In the 
nd the backcross to the parental types the percentage of successful trans- 
nts might vary between 75 and 5 per cent. However, the percentage of 
ptible mice of the Fe generation is not always mathematically consistent 
the ratio obtained in the backcross to the recessive parent. 

udden changes in the transplantability of tumors were first reported in 
6 by Strong and were used by him to support the concept that mutations 
y be taking place in the tumor cell. 

fumors induced by chemical means show, on the average, greater capacities 
srow, not only in other mice of the same strain from which they originated, 
-also in mice of totally unrelated strains. The mechanism of transmission 
susceptibility to the induced tumor probably does not differ fundamentally 
m the mechanism involved in the transplantation of the spontaneous 
nor, although the problem has not been adequately investigated. 
Susceptibility to tumors is a term that has caused some confusion in con- 
eration of the probable role of heredity in tumor development. It has 
sn used in consideration of the incidence of spontaneous tumors as well as 
connection with the percentage of successful transplants. It should be 
arly understood, however, that they may be entirely unrelated phenomena. 
mechanism involved in the origin of a malignant tumor from tissue may 
a different from that involved in the growth of a tumor and the sub- 
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sequent fate of the host as a result of the growth of the malignancy. . 
spontaneous tumor is a result of a normal cell (the argument is not af’ 
if there is more than one cell) of an organism turning into malignancy, + 
its subsequent growth and reproduction by cell divison. A transpl n 
tumor is the result of a malignant cell transferred to another organism. “ 
host offers only an adequate environment for its growth and reproducti 
A tumor is, therefore, the result of at least the following two process 
(1) the initiation of a tumor, that is, transformation of a normal cell int 
malignant one, and (2) growth and reproduction of this malignant 
Spontaneous tumors as found in mice of inbred strains are the combia 
results of these two (probably) independent processes, whereas transplan 
tumors, whether they are grown in a subcutaneous tissue, anterior chambe 
the eye, or anywhere else, are concerned entirely with the second proces 
growth and reproduction. ; 
| 
] 
Direct genetic experiments on the relationships between spontaneous af 
induced tumors are complicated by several factors. Lynch (1936) show 
that the susceptibility to induced sarcomas is not correlated with spontanec 
mammary gland tumors. Andervont (1939) showed that, in C3H and’ 
strain mice, susceptibility to induced liver growths is not correlated wi 
susceptibility to spontaneous hepatomas. Heston (1942b; Heston a! 
Deringer, 1947), however, presented evidence to suggest that the effect oi 
carcinogen is to enhance the already existing intrinsic susceptibility 
spontaneous tumors at least in the case of lung tumors. The most dir 
role of heredity in induced tumors was demonstrated by Heston (1941, 19: k 
1942c; Heston and Deringer, 1949) by showing an increased incidence 
lung tumors associated with the presence of chromosomes carrying genes { 
shaker, flexed tail, lethal yellow, and hairless. He has shown that the le 
two genes also are associated with increased body weight; this observation 
in line with the suggestion that the effect of certain genes on susceptibili 


to lung tumors may be related to a more general effect of the genes on grow 
or on fat metabolism. 


Induced Tumors 


Interrelationship 


For an understanding of the interrelationship of the three levels of genet 
of cancer in mice, it would be helpful to view the problem from several ang 
As mentioned before, a clear distinction should be made between the pro 
of transformation of a normal cell into a malignant one and the subsequ 
growth and reproduction of-such a cell. There should also be a clear disti 
tion between the three ways in which heredity can possibly play a r 
(1) the presence of genes in the cell which, by their action through metabo 
products or otherwise, would transform it directly into malignancy fre 
within the cell; (2) the role of heredity of a secondary nature in determini 
the degree of susceptibility of the cell to its transformation into malignan 
by the action of external agents, including the products (for example, hi 
mones) of the same organism to which the cell belongs (such products mig 
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ately be under gene control); and (3) an intermediate condition between 
irst two, that is, the possible presence of genes within the cell that would 

» about the transformation of the cell to malignancy if these genes were 
éd by external agents to reach what is described as a certain threshold. 
ansplantation is concerned primarily with the growth and reproduction 
malignant cell and not with the transformation of a normal cell into 
gnancy. Spontaneous and induced tumors concern primarily the trans- 
hation of a normal cell into a malignant one; it would be helpful to con- 

r the role of heredity from the approach suggested above to understand 
probable interrelationship between them. 

he concept of threshold is extensively used in several branches of bio- 
al research, particularly in the genetic analysis of quantitative char- 
rs and in the production of X-ray and ultraviolet-light mutations. Its 
ning and application as far as malignancy is concerned are mentioned 
iously. There are inherent difficulties in demonstrating the existence 
uch genes, as their effects are dependent upon external agencies. The 
€ concept might be looked upon from the second point of view by a slight 
ification, namely, that malignant transformation is brought about by 
ain external agents acting on a cell whose susceptibility to such a trans- 
mation is controlled by certain genes. 

tudy of the spontaneous tumor would probably offer the best material for 
ertaining whether there are any genes in the cell that bring about its 
ignant transformation. Extensive work on spontaneous mammary 
nd tumors (for review see National Cancer Institute Staff, 1945) has 
wn several interesting features. The C3H strain has an incidence of 
6 per cent in breeding females at an average age of 8.1 months (Andervont, 
9). Lathrop and Loeb (1916) showed that ovariectomy at an early age 
ner completely inhibited or greatly delayed the appearance of mammary 
mors. Loeb (1919, 1924) showed further that the influence of ovarian 
mone was a quantitatively graded one. Lathrop and Loeb (1918) had 
lized from the study of reciprocal hybrids that the mother exerted a large 
uence on the incidence of mammary gland tumors. Bittner (1936) 
ywed that this maternal influence was due to an agent present in the 
ther’s milk. When female mice of a strain with a high tumor incidence 
re nursed by foster mothers belonging to a strain with a low tumor inci- 
nce, the foster-nursed animals showed a low tumor rate (Heston, 1948). 
‘contrast, mice of the C strain (the Bagg albino) that had a low incidence 
spontaneous mammary gland tumors (1.1 per cent at 24 to 29 months— 
imkin and Andervont, 1942) turned into a strain with a high incidence of 
ymmary gland tumors after the mice of one generation were suckled by 
3H mothers (Andervont, 1949). This suggests that a constant proportion 
the mammary gland tumors in C3H breeders is a result of two different 
muli, one an overproduction of an ovarian hormone and the other a milk 
ent that has probably been picked up by mice of the C3H strain at some 
uge. This milk influence has a capacity to reproduce and metabolize in 
ce of certain strains: Overproduction of the hormone and capacity to_ 
produce and metabolize the agent might ultimately be under gene control 
a 


os 
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in C3H mice, but the direct effect of heredity is probably on the suscepti 
of the mammary gland tissue. ; : 
Recent work has disclosed the fact that the milk influence in a nucl op 
tein. Basing his opinion on the observation of Samuels et al. (1947) t 
mice having the milk influence show a disturbed 17-ketosteroid output in 
urine, Bittner (1948, 1949) has expressed the opinion that the milk influe 
may be of the nature of an enzyme. However, Strong has expressed — 
opinion that the milk influence, being of a nucleoprotein nature, may/ 
capable of combining with the nucleoprotein units (the genes) within | 
cell and thus may lead to a disturbed cellular physiology by an altered act’ 
and reaction system of spatially related nucleoproteins. This disturbed ¢ 
lular behavior may lead to uncontrolled growth and possibly to cancer. 
Spontaneous leukemia studies (Murphy, 1944; MacDowell et al., 1947) 2 | 
suggest influences by external agents. No such external agents have, he 
ever, been detected as affecting the origin of spontaneous lung tumors. __ 
Studies on linkage should be considered here to determine whether th 
give any evidence of direct action of genes. As mentioned before, there 
positive evidence that the two genes, lethal yellow and hairless, which « 
associated with an increased incidence of lung tumors, are also associat 
with increased body weight and therefore this would suggest a ponte 
action through some physiological avenue. However, it is still not cle 
whether these two genes, lethal yellow and hairless, are the genes that inf 
ence lung tumor susceptibility or only show linkage relationship to two otk 
genes that do. This point could be determined only by the building 3 
isogenic strains in which lethal yellow or hairless alone are segregatir 
This has not been done. : 
The possible relationship between the spontaneous and the induced tum 
would thus depend upon our knowledge of whether the genes play a dil 
role on the origin of cancer or only respond to the external agents involved 
malignant transformations. If the external agents play a direct role, 
spontaneous tumors also would be induced. If, however, genes play a di 
role, a concept of the threshold effect would give an explanation for the or 
of the induced tumor. 
The problem of cellular differentiation might be considered. The persi 
ence of physiological differentiation in morphogenesis suggests involve 
of cellular heredity. Even malignant cells preserve their tissue specifi 
after a long succession of transplantations. This similarity of persist 
physiology between normal somatic and cancer cells would suggest that 
knowledge of the role of heredity in cellular differentiation may be conside 
here with profit. Wright (1941) has reviewed the subject of heredity 
relation to differentiation. According to him there are three possible gen 
hypotheses. The first hypothesis was formulated by August al 
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who postulated a differential sorting out of nuclear determiners in all 

lineages except those in direct lineage of actual or potential germ pla 
This view does not appear tenable in view of the equational character 
mitosis. Another hypothesis is that certain genes are transmitted in soma 
divisions in an inactivated condition and that irreversible activation 
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pndarily induced systematically under special local conditions. The 
lt would be a developing pattern of heredities related to the spatial 
anization of the embryo. The third and the most probable view is that 
ular differentiation is fundamentally cytoplasmic in nature and therefore 
st persist and be transmitted to daughter cells by cytoplasmic transmission. 
e objection to this third hypothesis is that it ascribes enormous importance 
sell lineages to a process that is only rarely responsible for differences 
ween germ cells, at least within a species. It may be, however, that the 
re or less complete early isolation of the germ line of higher organisms 
; come about in evolution by setting apart a line of cells with plasmagenes 
other similar cytoplasmic components lacking in prosthetic groups and 
ce deficient in any specialized activity. These cytoplasmic entities may 
capable, in somatic cells, of combining with such groups emanating from 
- nucleys to form molecules that multiply thereafter as plasmagenes of a 
bre specialized sort. Under this viewpoint, differences in the local condi- 
ns of morphogenesis may bring about differential accumulation of meta- 
lic products arising from the interaction of cytoplasmic entities with 
clear products and may eventually lead to the elaboration of new special- 
d plasmagenes in the cytoplasm of cells in particular regions of the organ- 

As development proceeds, each step in the regional differentiation of 
oplasmic heredity increases the diversity of cellular types and thus facili- 


es further differentiation. 
MECHANISM OF THE ACTION OF CARCINOGENS 


A brief review is given below of the attempts made in different directions 


understand this mechanism. 
Larionow (1941) investigated the general systemic effects of carcinogenic 


‘drocarbons applied to the skin of mice by determining the ratios of par- 
ally oxidized substances excreted in the urine, the oxidation-reduction 
ytentials of the blood, and the oxygen consumption of slices of organs. 
he local effects of carcinogens upon oxidation processes were studied in 
ssue slices and in skin to which the hydrocarbons had been applied. The 
cidation processes were not disturbed during the precancerous period of 
ypilloma formation but they supervened in a secondary manner after the 
spearance of carcinomas. Incomplete investigations of proteins of induced 
mors indicated that they contained an abnormally large proportion of 
-glutamic acid. Traumatization of the nervous system by section of the 
jatic nerve and treatment of the central end with formalin and croton oil 
fected the incidence of induced carcinoma in mice. Notic (1942) has con- 
rmed the role of the nervous system. 

Berenblum (1941) studied the effect of croton resin on carcinogenesis under 
arying conditions. The augmentation of carcinogenesis was very Pro- 
ounced when croton resin was applied to the skin concurrently with a dilute 
slution of a potent carcinogen (3,4-benzpyrene). No effect was observed 


ith concentrated solutions of carcinogens (3,4-benzpyrene: 1,2,5,6-dibenz- 


nthracene; 1,2-benzanthracene), irrespective of their potency. Treatment 


f the mouse skin with croton resin for a period of 26 weeks failed to influence 


| 
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the response to the subsequent application of benzpyrene. On the oth 
hand, croton resin applied to the skin subsequent to a limited period 
benzpyrene treatment led to a striking increase in the development of tu no” 
Croton resin applied to papillomas already established appeared to br 
about their earlier conversion into malignancy. ; ; 

Jones (1942a, 1942b, 1942c) studied the distribution of carcinogenic hydil 
carbons and their metabolites by spectographic analysis after a subcutaneog 
injection of 1,2,5,6-dibenzanthracene in olive oil. Of 45 gm. of hydrocarb 
injected in 32 rats (total 1000 gm.), 231 mg. could be detected in the excreg 
in an unchanged form, and 43 mg. as 4’-8’-dihydroxy-1,2,5,6-dibenzanthn 
cene. Jones also showed that approximately 36 per cent of the hydrocarb 
injected was stored in vesicles formed near the site of injection. No evident 
of the presence of phenolic metabolites detected in the excreta was found | 
any of the several tissues examined. A group of workers at The Memort 
Center for Cancer and Allied Diseases, New York, N. Y. (Dobriner e¢ at 
1942; Stevenson et al., 1942) did a large amount of work in the study 
metabolites found in the excreta of injected animals. A large amount of th 
injected carcinogen is still unaccounted for by any investigator. | 


Systematic attacks on the problem of the action of carcinogens have bee 
undertaken by two groups of workers from entirely different angles. i 
group of workers at Pasteur Institute, Paris, France, under the direction « 
Lacassagne (1948) has concentrated its attention on the structure of t} 
molecule responsible for its carcinogenic action. The group of workers =| 
Barnard Free Skin and Cancer Hospital, St. Louis, Mo., under Cowdr 
(1948), has concentrated on the study of biochemical changes that take plac 
in the epidermis of the skin of mice following the application of a carcinoger 

Workers at the Barnard Hospital have measured several properties « 
skin epidermis, both before and after the application of methyicholan tale 
The first biochemical alteration appears, with a few exceptions, in the fir 
five days of methylcholanthrene treatment and persists to the time of 
appearance of cancer. A new kind of equilibrium is established in ma 
chemical properties of the hyperplastic epidermis. The changes noted 
in some respects different in hyperplastic precancerous epidermis and 1 
cancer. In cancer the decrease in calcium ratio is marked (75 per ce 
The tumorous tissue shows an inability to take in calcium. The nondiff 
ble calcium is probably bound to protein. Many other changes have b 
noted in both (precancerous and cancerous) conditions. As a worki 
hypothesis, the St. Louis group has considered the idea that malignant cha 
is a somatic mutation occurring in a small number of cells, falling in li 
with the definition of somatic mutation of Strong (1926). 

The investigations in Paris were stimulated in 1939 by O. Schmidt 
hypothesis that the carcinogenic hydrocarbons are characterized by a hi 
density of mobile electrons in the several so-called activated regions. ‘TT! 
average density of these electrons in these regions would become higher an 
higher with the increasing number of benzene rings and with the number an 
nature of substituted groups until a maximal number would be reached. 
the use of an empirical technique for estimating electronic density, Scho 


) 
| 
. 
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e to the conclusion that the mesopositions of the anthracene structure 

he regions with high electronic density. He thinks that ina carcinogenic 

carbon the electronic density of the active part must exceed a certain 

e. This he calls a critical density, and evaluates it as 0.44 -electrons 

angstrom square. He also explains the influence of various substituents; 

example, the methyl group increases the density of the active zone if 
ed near it, because these compounds help to compress the a-electrons, 
reas nitrogen causes the reverse. Schmidt thinks that a carcinogenic 
rocarbon catalyzes a particular chemical reaction in the cell and therefore 

s necessary that the part rich in electrons should reach certain cellular 

ations. Finally, he explains the effect of radiation in parallel with 
mical substances, giving a unity to his hypothesis. Several of these 

oretical considerations are supported by the experimental findings of the 
up of Paris workers (Daudel and Daudel, 1948; Pullman and Pullman, 

8). By more refined techniques they have shown that a minimal elec- 
nic concentration of 1.29° is necessary for the appearance of carcinogenic 

ivity and that above this value the degree of activity is proportional to 
excess of concentration. 

n order to visualize a possible relationship between the genetic nature of 
spontaneous, the transplanted, and the induced tumors, together with 
chemical nature of the carcinogenic compounds, the production of ger- 

nal mutations in animals, and the theoretical implications involved in 

h a complex set of biological phenomena, Strong (1949) has developed the 
lowing concept: ‘The carcinogenic hydrocarbons have at least two k 

rions at which electronic vibrations are maximal. It has been suggested 
at it is perhaps at these k regions, if not at other regions, that the carcino- 


stein of the cell. [E.] Boyland has suggested that the above combina- 
n of a gene with a foreign molecule would interfere with cell division thus 
ding to chromosomal aberrations. However, all data obtained with _ 
ethylcholanthrene on mutagenesis in mice indicate that we are dealing 
with chromosomal aberrations but with point mutations. A further 
nsideration of Boyland’s concept is thus indicated. After a carcinogen or 
e of its metabolites has combined with a unit of nucleoprotein within the 
ll (that is a gene), it can only be eliminated by oxidation, by demethylation 
by some other chemical means by which energy is involved. If this 
ergy be released or absorbed at the electronic level, it could not be dis- 
ted in the form of heat. Thus a source of available energy at close 
oximity to a gene may very well combine with such a gene or nucleoprotein 
1d change the energy content of a derived nucleoprotein. The derived 
icleoprotein would thus be a mutant (a derived or altered biochemical 
mt). , 
; Summary and Conclusions 


(1) The present investigation includes observations on 2966 mice of the 
Br subline of the NHO strain of mice produced by a single mating of a JK 
ya CBAN in the year 1937. These mice belong to the first 20 generations 
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of inbreeding. The first 3 generations consisted of 9 mice that were used : 
breeding purposes only. From the fourth generation onward each m 
between 60 and 70 days of age, received in its right flank a subcutan i 
injection of 1 mg. of 20-methylcholanthrene dissolved in 0.1 cc. of sesame ¢ 
Mice were either killed when a definite tumor was observed or were all W 
to live the full life span. A constant attempt to increase the latent perio 

tumors in mice of succeeding generations was made by selecting breed 
with increasingly longer latent periods. A total of 2544 tumors (count: 
all tumors at a single site as 1) was detected at various sites in 2231 mn 


4 


between the F, and Feo generations; 1528 pathologic lesions were saved a 
studied for histology; 561 mice died without revealing any tumor. ; 

(2) A statistical method is devised to study the multivariate effects | 
carcinogen and selection. The variables examined are the anatomical sit 
histological types, sexes, latent period, and generations. The mice aé 
divided into 3 periods of successive generations, consisting of 580 mice 
F, to Fy2, 927 mice in Fy; to Fys, and 1285 mice in Fj; to Feo. This procedut 
leaves adequate numbers of mice in the 3 periods to study the changes _ 
the variables concerned. In F17 to Feo there were 2 families (one with 4¢ 
mice and the other with 283 mice), which had a common descent up to tk 
eighth generation and separated thereafter. These 2 families were analyze 
for anatomical sites, litter seriation, and latent period of local tumors. Ti 
method adopted for the entire analysis makes possible the visualization « 
the effect of carcinogen and selection in terms of probability on either th 
mouse, the anatomical site, or the histological type of tumor. 

(3) A single injection of carcinogen gave rise to tumors of a variety « 
histological types at the site of injection and at other sites. These oth 
sites include the surface of the body, the lung, forestomach, liver, ovar 
uterus, and some others. This finding suggsts that the carcinogen has 
widespread systemic effect. 

There are considerable differences in the mean values of latent periods i 
tumors at different sites: at the site of injection the mean value is 201 day 
for surface tumors it is 447 days; for the tumors of the forestomach 478 day 
for lung tumors, 510 days; and for liver tumors, 570 days. There are mi 
variations in the mean values of latent periods of different histological t 
at various sites. For local tumors the mean value for epidermoid carcinom 
is 151 days; for fibrosarcoma it is 167 days. There are also differences in th 
sexes. For lung tumors the mean value is 460 days for females and 532 d 
for males. Probably there is no effect of selection in lengthening the lat 
period of any specific type of tumor. These findings suggest that: tiss) 
susceptibility, as reflected by its latent period, shows considerable differenc 
under the conditions of the present experiment. However, these differenc 
are probably not subject to variations under the effect of selection. | 

There are considerable variations in-the incidence of tumors at differe 
anatomical sites and histological types during Fy to Foo. There are al 
considerable differences in the incidence of tumors in the sexes. The on 
major variation in the tumor incidence in males during the experiment 
between Fy to Fy: and Fi; to Fy,, reflected in a large decrease (from 56.4 Pr 
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to 39.3 per cent) in the incidence of local tumors. The incidence of 
ological types of local tumors in males does not show much variation. 
tumor incidence in females shows considerable variations, both at dif- 
ht anatomical sites and in histological types during Fs to Fz. The inci- 
ce of liver tumors also shows striking differences in the sexes. This 
ild suggest that tissue susceptibility could be visualized only in terms of 
bability expressed here as percentage incidence. Variations in tissue sus- 
tibility are probably the result of selection. Differences between the 
s suggest the action of some specific physiological avenues. In contrast 
hese variations in tissue susceptibilities during F4 to F2o, the variations 
total tissue susceptibility (as measured by the proportion of mice that 
eloped tumors at any site to all the mice) are not great. This would sug- 
t that the control of tissue susceptibility might be at a different level in 
. mechanism of heredity than is total tumor susceptibility. 
4) A discussion is included of our knowledge of the genetics of cancer in 
e at three different levels; namely, the spontaneous tumor, the trans- 
nted tumor, and the induced tumor. A probable interrelationship 


tween them is suggested. 
(5) A discussion of the action of carcinogens is also included. 
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EMICALLY INDUCED CARCINOMAS OF THE MAMMARY 
GLAND AND FIBROSARCOMAS WITH AND | 
WITHOUT SELECTION* 


By Hugh F. O’Neill and Leonell C. Strong 
Biological Station, Roswell Park Memorial Institute, Springville, N. Y. 


ata have been published dealing with the influence of a parental-aging 
or on susceptibility to chemically induced tumors in mice.*“ It is clear 
there is a progressively changing influence on cancer susceptibility in 
offspring as the parents age. This changing factor or factors has been 
n to be cumulative over a number of generations." 
e of the limiting factors in an experiment of this nature is the relatively 
ll number of animals that can be obtained in advanced litters of breeding 
e. In order to correct for this restrictive influence on the analysis of the 
on parental age or litter seriation, the following experiment was initiated. 
the past, no attempt had been made to measure the effect of selection 
n this changing aging factor that influences cancer in the offspring. No 
tter how small a variation is, if it be cumulative over a number of genera- 
s, then selection should be able to increase or to decrease it. In the 
sent investigation, selection toward a descent from first and second litters 
ly has been continued for more than ten generations, that is, between 
“F;). The degree of inbreeding reached, the F2o, before selection was 
d, should have been sufficient to produce a high degree of homozygosity. 
prother-sister matings, the percentage of homozygosity should have 
ched 99 per cent in the twentieth generation. 
Phree successive series of the original pBr descent before selection was 
orted to had demonstrated that variability of tumor types had become 
form (unpublished data). Even a spontaneous mutation rate of one 
ible mutation in 26,000 mice should not greatly disturb the genetic purity 
the mice at the time selection was resorted to, nor even during the experi- 
nt. The percentage of invisible mutations, such as lethals and semi- 
als, is still an unknown factor in mice. For the time being, it remains 
corrected, but must be of slight influence. 
There are two purposes in presenting the present data. These are briefly 
scussed above and are as follows: 
(1) The addition of further data obtained on the incidence of chemically 
duced tumors in the 2-Prunt descent, particularly of mice belonging to 


vanced litters. 


P 


(2) The introduction of selection toward an early litter descent for at 
ist ten generations. This procedure of selection is the same as restricting 


e potential size of the family over a number of generations. 


* This paper was prepared as a thesis for an M.D. degree at the University of Buffalo 
hool of Medicine, Buffalo, N. Y. The work described in it was made possible by grants 
ym the National Cancer Institute, Public Health Service, Bethesda, Md., and by grants 
ude to L. C. Strong by The Anna Fuller Fund, New Haven, Conn. 
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Due to unforeseen complications, neither of the two purposes for which : 
present experiment was undertaken could be completely realized. The 


will be discussed later. 
Materials and Methods } 
i 


All mice used in this experiment belonged to the 2-Prunt descent, : 
origin of which has been described previously. Briefly stated, the mice? 
the 2-Prunt descent were separated off from the pBr descent in the 1 
generation. All mice of the pBr descent had been injected with 20-meth) 
cholanthrene between the Fi-F29. Following the separation of the 2-Pru 
descent in the Feo generation, breeding mice no longer were injected, that 
parents received no methylcholanthrene; only those offspring who were Tr 
used to carry on the 2-Prunt line of descent were injected with the carcinoge 

The present experiment deals with two series of the 2-Prunt descent. 
first series consists of the descendants of mice of the original 2-Prunt desee 
beginning with F:. These mice have been continued without selectic 
that is, the 2-Prunt parents were continued as breeders as long as they wou 
breed. Their offspring of any generation that were used for breeders of t! 
next generation were mated together irrespective of litter seriation ort 
age of mothers when they were born. The second series of 2-Prunt mice: 
an independent line of descent from the same mice of the Feo generat 
that have been restricted toward an early litter descent. The second seri 
started with mice of the F39 generation. In the present paper, therefore, t 
relative incidence of the various types of chemically induced tumors 
recorded for mice of these two descents. Mice of the second series we 
treated the same as those mice of the first series as far as the injection of ti 
carcinogen is concerned, but have been selected by an early litter descent! 
at least 10 generations. Mice of the second series, therefore, were betwe 
the F3o-F4o generations of inbreeding. By this method it is hoped to anal 
the effect of selection toward a suppression of the total size of the fam 
beginning with a relatively homozygous condition, on susceptibility 
chemically induced tumors. 

All mice were weaned at approximately 4 weeks of age, placed in reser 
except those set aside for breeding purposes as noted above and, at 60 da 
of age, injected in the right flank with 1 mg. of 20-methylcholanthrene d 
solved in 0.1 cc. of sesame oil. The sexes were kept separated and the anim: 
were inspected for tumors weekly, beginning approximately at the sever 
week after the injection of the carcinogen. The latent period was determir 
as the time between the injection of the carcinogen and the appearance ol 
definitely growing tumor as determined by palpation. The mice were ke 
alive until death from the growth of the tumor or from other diseases occur 
The survival time was taken as the time between the first gross appearan 
of the tumor and the death of the animal. Occasionally a tumor-bear 
mouse was sacrificed when in extremis or when it showed signs of sickne 
such as loss of weight, wheezing, ruffled hair, and laborious breathing. 
pathological lesions were fixed in Bouin’s solution and prepared and stain 
by hematoxylin and eosin for histological examination. 
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Observations and Data 


¢ animals used in this study consisted of 800 female and 632 male mice 

e 2-Prunt subline. The chemically-induced tumors in both the females 

ales were studied initially and then a more detailed study of the tumors 

e females was undertaken. A total of 1843 pathological specimens was 

ined and diagnoses were made, wherever possible. The tumors were 

quently classified into 9 categories. Of the 1843 pathological specimens, 

were from female mice, of which 1040 were diagnosed; 702 were from 

mice, of which 654 were diagnosed. Some of the tumors could not be 

osed due to post-mortem changes. 

cal tumors (those arising at the site of the injection of the carcinogen) 

divided into 4 groups: (1) squamous cell carcinoma, (2) round cell 

ma, (3) fibrosarcoma, and (4) mammary gland carcinoma. The mam- 

gland carcinomas and all squamous cell carcinomas of the skin were 

lly restricted to female mice, but in the later groups of mice there were 

les with 5 mammary gland carcinomas, as well as 1 male with an epider- 

carcinoma. Not only the tumors that arose at the site of the injection 

ethylcholanthrene, but also any tumors that appeared on the surface of 
runk or neck were grouped together as local tumors, since these “surface 
ad” tumors* were mostly mammary gland carcinomas. Some few fibro- 
omas in both males and females appeared at sites other than those at 
h the methylcholanthrene had been injected (right flank). In mice, 
normal mammary tissue covers nearly three fifths of the body 
ace. 

he categories other than local (including surface spread) consisted of 
r tumors, lung tumors, others (of rare occurrence), and collision tumors, 
ell as unidentified sections. The “others” category included all those 
were identified, but were not local, lung, liver, or collision tumors. 
ision tumors were those, local or otherwise, that showed two or more 
lastic elements within the same section (for example, sarcoma and 
inoma, or squamous cell carcinoma and adenocarcinoma). The unidenti- 
category included all those sections for which the diagnosis was seriously 
tionable or that were completely unidentifiable due to post-mortem 
nges. Some of these post-mortem changes were due to the fact that mice 
h tumors would die during the night and could not be autopsied until the 
t day. In addition, any section that was not neoplastic was included 
this unidentified category. The ‘mammary gland carcinoma group 
braced all of the various types of mammary gland carcinomas, including a 
epidermoid carcinomas that appeared to originate definitely from mam- 
ry gland tissue. Most of the mammary gland tumors, however, were 
‘ly well differentiated adenocarcinomas. 

The two types of tumors that were more thoroughly analyzed were fibro- 
coma and mammary gland carcinoma, since these two were of most fre- 
snt occurrence. Tumors were classified as fibrosarcoma whenever any 
ndle cells were observed, even though the section may have consisted 
zely of round cell elements. The mammary gland carcinomas were largely 


3 
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TABLE 1 ' 
2-PruNT FEMALE MICE } 
Animals Nos. 1-100 Animals Nos. 101— Z 
Total No. of tumors: 123 | Total No. of tumors: : 
Percentage Latent Percentage Late p 
incidence period incidence period 
Fibrosarcoma........... 52.85 141.1 52.90 130.5: 
Local) Squamous celli@ Ac. Sone 13.82 113.9 9.42 94.0! 
oca!) Mammary gland CA..... 9.76 148.8 8.70 148.3 
Round cell sarcoma...... 3.25 163.0 7.25 121.3 . 
TPAD Pints tea ae ere Sa Ee 4.88 120.7 7.97 143. | 
RAVER ele ro ce tay eens 2.44 21673 dpe 112.3 
Others 5.69 147.6 3.62 103.6 
Gollisions se agae od ero eee Lose 140.0 (hey 1533 } 
Unidentified sections........... 4 6 | 


Ribrosarcoma.... «006.2 
Squamous cell CA....... 
Mammary gland CA..... 
Round cell sarcoma...... 


Local 


Animals Nos. 201—300 Animals Nos. 301—4 00 


Total No. of tumors: 121 | Total No. of tumors: 


2 


Percentage Latent Percentage Laten 
incidence period incidence period 
54.55 169.6 Sy hel 123: 
4.13 139.0 4.88 Lie 
20.66 164.7 25.20 118 

9.09 222.8 6.50 160.0 
1.65 152.0 0.81 87.0 
1.65 154.0 os 4 
8.26 $a 4.88 100.0 

12 9 


adenocarcinomas, with a few showing variations in the medullary < 


scirrhous directions. 


The mice were divided into groups of 100 according to their chronologi 


order of death and according to sex. 


Thus, the first 100 female mice to 


were numbers 1-100, the second 100 females to die were numbers 101-2 


etc: 


The same held true for the male mice. 


TABLE 1 shows the percent 


incidence and average latent periods for all 8 groups of the females. Tast 


shows the same information 


for all the males (7 groups). TABLE 3 gives t 
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Taste 1 (Continued) 


Animals Nos. 401-500 Animals Nos. 501-600 


Total No. of tumors: 127 | Total No. of tumors: 133 


Percentage Latent Percentage Latent 

incidence period incidence period 

iePibrosarcoma......--..+ 48.03 111.8 37.60 139.3 

I Squamous cell CA....... 6.30 98.8 10.53 149.1 

"\) Mammary gland CA..... 22.83 130.6 34.59 118.9 

Round cell sarcoma...... 3.94 102.6 OES) 138.0 

a SE Ee eee 13.39 PEA 9.77 204.8 
2 eee 1.58 79.0 — — 

{cE deen oe 3.94 130.0 6.77 111.4 

entified sections..........- 13 24 


Animals Nos. 601—700 


Animals Nos. 701-800 


Total No. of tumors: 135 


Total No. of tumors: 140 


Percentage Latent Percentage Latent 

incidence period incidence period 

Fibrosarcoma.......---- 39.26 135.0 40.71 178.0 

Squamous cell CA.....-. 5.19 177.6 5.00 96.9 

) Mammary gland CA..... 34.07 T37n2 37.86 176.1 

_ \Round cell sarcoma.....- 1.48 144.0 0.71 120.0 

re Me Seana 12.59 ZA te 10.00 Soi 

Mele ike eo 0.74 136.0 0.71 107.0 
Me Sidaccicin, s+ + ++ 2.96 223.0 — = 

i ie a eR 3.70 139.6 5.00 111.0 

identified sections.......--.- 17 14 


f 


the mice. 


‘ormation for the entire group of 
oups of 100 (the latent period is 
sthylcholanthrene to the first gross appearance 
One of the most conspicuous features of the 


Data on the percentage incidence of the 
runt mice only, together with the aver 
arated into eight groups of 100 mice eac 


nce of only a single squamous cell carcinoma. 


currence of 5 mammary gl 


3 
i. 


4 7 if 


and tumors in 3 male mice. 


various types of tumors encountered in female 
age latent period for each type. The data are 
h, based upon the chronological order of death 


females and males without division into 
the length of time from the injection of 
of a definite tumor). 
data in male mice is the occur- 
Noteworthy too, is the 
Also, when com- 


TABLE 2 
2-PRUNT MALE MICE 


884 Annals New York Academy of Sciences { 
‘ 


Animals Nos. 1—100 Animals Nos. 101-2! 


Total No. of tumors: 104 | Total No. of tumors: 1@ 


Percentage Latent Percentage Latent 
incidence period incidence perio 


Fibrosarcomaes...- =. 82.69 167.5 85.15 167.4 


Squamous cell CA....... a =a sai om | 
Toca! Mammary gland CA..... — — wo —_— 
Round cell sarcoma...... 2.89 203.3 4.95 423.4 . 
LAIN gee aes Gn ees Selmer 8.65 279.6 3.96 330.5 j 
TEER Seen Sess pha ate aes ew ne = = 0.99 506.0 
Others, sul cee ee eee Shi 208 .0 2.97 428. | 
Collisions sau rhe alee seat — —— 1.98 108.0. 
Unidentified sections........... 10 5 } 
Animals Nos. 201-300 Animals Nos. 301-400 | 
Total No. of tumors: 101 | Total No. of tumors: 10: 
J 
Percentage Latent Percentage Latent 
incidence period incidence period 
Fibrosarcoma........... 87.13 181.8 82.08 179.4 
nee Squamous cell CA....... — _- — — 
Mammary gland CA..... — = = sz 
Round cell sarcoma...... - aa 1.89 142.0 
OVI aCe te ee, ae eae 10.89 463.0 8.49 372.9 
HEIN Cite tent ht eed ens on 8 0.99 148.0 4.72 338.6 
OUNErS ee ek she a te bic s Bln 0.99 157.0 2.83 446.7 
ONS Oneeea tee us ee Ker cin a — — — i 
Unidentified sections........... 10 9 


pared with the data in female mice, males showed a somewhat higher in 
dence of local tumors (84.10 per cent for the males, 81.72 per cent for 
females). 

The data in TaBre 1 show that there is an increase in the incidence 
mammary gland carcinoma, rising from 9.76 per cent in the first gro 
(1-100) to 37.86 per cent in the last group (701-800). 

_The complete group of female mice (800) was further divided into 
different series. The first series includes most of the first 300 animals p 
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TaBLe 2 (Continued) 


Animals Nos. 401-500 Animals Nos. 501-600 

Total No. of tumors: 106 | Total No. of tumors: 103 
Percentage Latent Percentage Latent 
incidence period incidence period 
Piprosarcoma........:.. 80.19 178.5 70.87 196.1 
1 Squamous cell CA....... = — 0.97 141.0 
‘\Mammary gland CA..... 2.83 317.0 0.97 262.0 
Round cell sarcoma...... 2.83 2S 4.85 244.0 
| ees 12.26 408.2 PAV ASTO 472.6 
1. put oO eee 1.89 283.0 0.97 136.0 

entified sections........... 4 8 


Animals Nos. 601-632 
Total No. of tumors: 33 
Percentage Latent 
incidence period 
Fibrosarcoma.........---++-- 63.64 186.9 
Theat Squamous cell CA..........--. — —= 
ocal) wfammary gland CA.......... 3.03 97.0 
{Round cell sarcoma..........- — as 
OC YR 8 eT oe 30.30 466.2 
TAG haa 5 aca ete are are 3.03 162.0 
NEES i) tetera se ee — —_ 
GOMIGlOUP rere coe as Cateye es _— — 
Unidentified sections........---.+++: 2 


a : 
Jata on the percentage incidence of the various types of tumors encountered in male 
runt mice, together with the average latent period for each type. The data are sepa- 


ed into seven groups based upon chronological sequence of death. 


2 

usly classified in TABLE 1, and the other series includes the remainder. 

e first series comprises females whose parents were unselected with respect 

litter seriation. The females in the second series were the offspring of 

rents born in early litters (first and second litters only). 

a first series consists of 308 female mice and the second series contains 
female mice. TABLE 4 shows the percentage incidence of the various 


3 


4 
¥ 
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TABLE 3 
2-PruNT MICE <a 
Males, 632 Animals Females, 800 Animals 
Total No. of tumors: 654 | Total No. of tumors: 104 
Percentage Latent Percentage Late 
incidence period incidence perio 
Fibrosarcoma........... 80.43 178.4 47.69 140.6 
Squamous cell CA....... 0.15 141.0 7.40 118.4 
Local) Mfammary gland CA..... 0.77 262.0 24.42 142. 
Round cell sarcoma...... ete 256.0 22k 127.1 
an Site oc ortatas on. ste OL Wee 11.93 418.6 Ovss 208.3 
FA RE wera, tae A 1.22 313.6 1.06 147.3) 
Othetewenes tn ee ee 1.99 310.1 1.92 145.5 
Golfision eis fox. <2 tas eae 0.77 183.6 5.96 129.0 
Unidentified sections........... 48 101 


Data on the whole male and female groups. The percentage incidence and avera; 
latent period are given for the various tumor categories. 


TABLE 4 


Series I, 308 Animals 9 


Total tumors: 388 
1.26 tumors per mouse 


Percentage Latent 

incidence period 

Fibrosarcoma............ 53.09 150.2 

Local Squamous cell CA....... 9.02 120.1 

Mammary gland CA..... 12.63 162.4 

Round cell sarcoma...... 3.61 Leigh 2 

Lung SCL Oey ak RES Ae ee eee 8.25 216.4 

PAUSES toy Petra ceiias : Yhellis etre tee Mes 2.06 161.3 

DUELS mer tts ky A ean tee, 3.61 132.8 

alhiglontee a. sree Acultenith. «alee Heaths: 141.6 
Unidentified sections........... 27 


a 


The same data as in TABLE 1 without 


death; instead, the mice are separated into the two series. 


\ 
Series II, 492 Animals § 


Total tumors: 652 
1.33 tumors per mouse 


Percentage Latent 
incidence period 
44.48 134.6 
6.44 117.0 
31.44 137.9 
1.38 117.7 
9.97 204.1. 
0.46 110.0 
0.92 175.0 
4.91 117.2 
74 


a separation according to chronological ordet 
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or types and the average latent periods for these two series of mice. 
inspection of the data in TABLE 4 reveals that there are definite differ- 
s between the two series. The incidence of mammary gland carcinoma 
from 12.63 per cent in the first series to 31.44 per cent in the second 
s. This rise is accompanied by a slight decrease in percentage incidence 
he other tumor types (except for lung tumors). The average latent 
od for all the tumor groups except “others,” shows a definite decrease in 
second series. There isa slight insignificant increase in the number of 
ors per mouse, from 1.26 in the first series to 1.33 in the second series. 
he frequency of single and multiple tumors of the fibrosarcoma and mam- 
y gland carcinoma types was determined. A multiple tumor is defined 


TABLE 5 
SERIES I 
Single Multiple Total 
No. % No. % No. % 


155 75.24 51 24.76 206 100.0 


MASATCOMA:.... 0-0 00s0n+ es 
mimary gland’ CA.......... 27 55.10 22 44.90 49 100.0 
Series IT 
PEROT eho sia iererate suns 206 | 71.03 84 28.97 290 100.0 
mmary gland CA.......... 69 | 33.66 136 66.34 205 100.0 


mors in female mice, within the fibro- 


e percentage incidence of single and multiple tu 
Data for the two series are listed 


coma; and- mammary gland carcinoma, groups. 
arately. Be, gh a 

re as one that has one or more other tumors present in the same animal 
gardless of the pathological type. TABLE 5 presents these results, ‘There 


no significant change in the fibrosarcoma group in the two series, but the 


ke : : : 7 
ammary gland carcinoma group shows an increase in multiple tumors, from 


1.90 per cent in the first series to 66.34 per cent in the second series. 

Each of the two series of female mice was studied further to note any Cor- 
Jation between birth rank of the tumorous animals and the onset of fibro- 
ireoma or mammary gland carcinoma. The latent period and survival 
me for the animals in each litter rank were plotted against litter number. 
iGURE 1 shows these data for the first series. Latent period and survival 
me were plotted on the ordinate in days and the litter number is expressed 
n the abscissa. Survival time represents the period from the first appear- 
nce of the tumor until the death of the animal. In the first series, female 
ice developed fibrosarcoma on an average of 150.2 days irrespective of litter 
Ba tion: they developed adenocarcinomas of the mammary gland on an 


f 
> 
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average of 162.4 days. Survival times for the same mice were 76.9 days : 
fibrosarcoma, and 103.0 days for female mice bearing adenocarcinomas 
the mammary gland. Thus, the latent period and survival time for mal 
mary gland carcinomas are both longer than similar data for fibrosarcon 
(162.4 days compared to 150.2 days, and 103.0 days to 76.9 days). The 
appears to be a slight decrease in survival time of mice in later litters for b | 
fibrosarcoma and mammary gland carcinoma. 


fo 2) 3 4 5. 6 8S) 10: olituen ose 
Litters 


Ficure 1. Data on characteristics of the latent period and survival time in relation t 
birth rank for mammary gland carcinoma and fibrosarcoma of the first series 2-Prui 

females are shown. Latent period and survival time in days are shown on the vertica 
line and litter number or rank on the horizontal line. For fibrosarcoma the latent period 
on the solid and open circle line, the survival time on the short dash and open circle line; 


mammary gland carcinoma, latent period is on the solid line, survival time on the shor 
dash line. 


FicuRE 2 shows corresponding data for female mice of the second serie 
Here, the average latent periods of fibrosarcoma and mammary gland ca 
cinoma are, unlike the first series, approximately of the same value (129 
and 131.4 days, respectively). The survival time of mice bearing eith 
type of tumor is also very similar; with mammary gland carcinoma aga 
slightly but not significantly higher than fibrosarcoma (92.5 compared ft 
89.1 days, respectively). No consistent differences are manifest accordir 
to litters. 

Comparative data for the two series of 2-Prunt female mice are shown 
FIGURES 3, 4, 5, and 6. Ficures 3 and 5 compare the frequency of fibre 
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oma and mammary gland carcinoma, relative to one another, in the two 
s, according to litter seriation. Anincrease of mammary gland carcinoma 
he intermediate litters over that for fibrosarcoma occurs in the second 
’s. Here (r1curE 5) the percentage of mammary gland carcinoma starts 
| increases in the intermediate litters, and then falls again. The tenth 
sr is not significant, since it represents but one mammary gland tumor and 
brosarcoma. In the first series a decrease in mammary gland carcinoma 
rs in the later litters (FIGURE 3), but these litters (10-13) comprise only 


260] Days 
240 
220 
200 
180 
160 
140 
120 
100 
80 
60 
40 


20 


Ieee Ss. 4S] 6G 76 68 C810 
Litters 


FicureE 2. Data comparable to that in rrGuRE 1 are shown for the second series of the 


runt female mice. 

gland carcinoma, and therefore are 
ot significant. Essentially the same things are shown by 3-point moving 
(eIcuRES 4 and 6). 

The characteristics of the latent period and survival time of one series as 
apared to those of the other series for each tumor type (mammary gland 
cinoma and fibrosarcoma) are graphically represented in FIGURES 7 and 8. 
mparison of the fibrosarcoma group (FIGURE 7) shows a definite differ- 
‘ods of the first and second series. The latent 


between the latent peri ries. 
d in the second series is less than that in the first series In all but one 
f series No. 2 (134.6) 


(litter No. 5). The average for the entire group 0 


Bry few animals with no mammary 


all 
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Ficure 3. Percentage incidences of fibrosarcoma and mammary gland carcinoma 
tive to one another for female mice of the first series, Fibrosarcoma data are on the 
line, mammary gland carcinoma on the solid and open circle line. Only data for the 
ten litters are included. Beyond the tenth litter the data are too meager for inclusion, 


100] Per cent 


90 


80 Sp fc eae ae oe 


70 


es fetes rer ry Gd 
10 


1-3 2-4 3-5 4-6 5-7 6-8 7-9 8-10 
Litters 


Ficure 4, Three-point moving curve of data in FIGURE 3. 
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IGURE 5. Percentage incidences of fibrosarcoma and mammary gland carcinoma rela- 
to one another for female mice of the second series. Fibrosarcoma data are on the 
| line, mammary gland carcinoma on the solid and open circle line. 


100] Per cent 


1-3 2-4 3-5 4-6 5-7 6-8 7-9 8-10 
: Litters 


Ficure 6. Three-point moving curve of data in FIGURE 5. 


892 Annals New York Academy of Sciences 


is 15.6 days less than that of series No. 1 (150.2). _ There is an increase 1) 
the latent period of the first series in the last few litters, which is probabb 
not significant due to the small number of animals in these litters. Phi 
survival time of mice of the first series is slightly below that of the seco ni 
series in all but one litter (No. 7), and its average (76.9) days is 13.5 days les 
than that of the second series (90.4 days). Summation of the average latem 
period and average survival time data for each series shows the average hifi 


be \2. “S284 -S 6y OU Be Si Osu es Mises 
Litters 


Ficure 7. Data for latent period and survival time for female mice bearing fibrosar 
coma of both the first and second series. For the first series the latent period data are 
the solid line, survival time data on the short dash line. In the second series, data f 
the latent period are on the solid and open circle line, survival time on the short dash a 
open circle line. 


span! of the first series (225.0 days). Thus, fibrosarcomas came earli 
in the second series of female mice, but the mice had also longer survival tim 
An examination of the mammary gland carcinoma groups of the first a 

second series (FIGURE 8) shows that the average latent period and the surviv 
time of the first series are greater than those of the second series (162.4 da 
compared to 137.9 days for the latent periods, and 103.0 days compared 
92.2 days for the survival times, respectively). The latent period of t 
first series is longer than that of the second series with the exception of litte 
No. 5 and No. 8. The latent periods of both series show some rise in t 
later litters, but this is probably not significant because of the small number 
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nimals in the later litters. The survival times show no consistent differ- 
s between the two series (FIGURE 8). 

he sum of the average latent period and average survival time (life span*) 
he first series (265.4 days) exceeds that of the second series (230.1 days), 
he mammary gland carcinoma group. The difference in life spans 
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I 2 3 Gin Ste G eT Ole SHeNOM IN H12. 13" he 


Litters 

TGURE 8. Data on the latent period and survival time of female mice of both series 
ring adenocarcinoma of mammary gland. Latent period for female mice of the first 
ies is on the solid line; survival time for these mice of the first series is on the short dash 
. For data for the mice of the second series, the latent period is indicated on the solid 
d open circle line, survival time on the short dash and open circle line. 

tween mice of the first and second series bearing adenocarcinomas of the 
ammary gland is thus 35.3 days. 

In the male data of TABLE 2 changes are evident in the lung and fibro- 
xeoma groups. The percentage incidence of fibrosarcoma starts at 82.69 
sr cent in the first 100 male mice, and after a slight rise it gradually decreases 
, 63.64 per cent in the last group. Concomitantly the lung tumors rise 
om a low of 3.96 per cent in the second 100 male mice to 30.30 per cent in 
1e last group. FicurRE 9 shows that at the same time all other tumor types 
aintain a fairly constant percentage incidence. The last group (the 
*Life span is latent period plus survival time; it does not include the period of time 
om birth to injection of the methylcholanthrene, which is about sixty days. 


; 


. a a 
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seventh) is not as significant as the others, since it represents only 32 mic 
In contrast, female mice showed only a relatively slight variation in percer 
age incidence of lung tumors. 


100] Per cent Incindence 


I- 1Ol- 20I- 30I- 40I- 50I- 6Ol- 
100 200 300 400 500 600 632 


Groups of 100 male mice 


male mice. Percentage incidence data are on the ordinate; successive groups of 100 é 
mice on the abscissa. Data for fibrosarcoma are on the solid and open circle line, for li 


Ficure 9. Percentage incidence of fibrosarcoma, lung tumors, and all other 0 
tumors on the short dash line, and for all other tumors on the solid line. 


General Discussion 


As indicated earlier, unforeseen complications prevented realization of 
two purposes of the present experiment. These were (1) the addition of mo. 
data to a similar study already published, particularly of mice belonging | 
advanced litters, and (2) altering susceptibility to chemically induced fi 
sarcomas by the use of selection based upon maternal age. It soon becam 
apparent that mice belonging to advanced litters were not being obtaine 
with selection toward a first and second litter descent, or a selection tow 
the suppression of the total potential size of the family. Thus it beco 
impossible to add data to the older data of birth rank trends (litter seriati 
when further data would be desirable to increase the possible significance 
these trends. 

Instead of solving a problem, the selection experiment, has merely int 
duced another complicating one. Instead of measuring changes in fib 
sarcoma susceptibility by selecting toward an early litter descent, in fem 
mice the tumor is gradually being replaced by the adenocarcinoma of 
mammary gland. Only part of this increase in adenocarcinoma of 
mammary gland can be explained in a lessened incidence of fibrosarco 
The rest must be due to a suppression of all other types of late-appearit 


{ 
: 
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rs. The fact that, with but one exception, the female mouse alone of 
selected 2-Prunt descent, and not the male, develops squamous cell 
inoma of the skin is striking, but the reason for this is quite unknown. 
almost all of these shiftings of tumor incidence and survival times it is 
female that is undergoing these biological variations. This same phe- 
enon was also encountered in the ancestral stock (the pBr) that has given 
to the two series of 2-Prunt descents in the present experiment (Strong 
Sanghvi®). In one instance, however, there was a shift in fibrosarcoma 
Hence in the male that was compensated for by an altered incidence of 
tumors. 

erhaps the two observations that did come out of the present experiment 
of as much interest as the two that underlay the formulation of the 
>riment. 

is still not certain whether these two observations, namely (1) the 
pility of mice to produce advanced litters, and (2) the partial suppression 
brosarcomas and other late-appearing tumors and the increase of adeno- 
inomas of the mammary gland in female mice injected with methyl- 
anthrene, brought about by the selection toward the suppression of the 
sntial size of the family, are permanent to the species or only of a tem- 
ury nature. This can be determined only by reversed selection, and it 
ld be unwise to do this until biological equilibrium has been established. 
iscussion of mechanisms involved should wait. 


Conclusions 


) The selection toward an early litter descent (first and second litters 
) results in a biological state in which the mice are no longer capable of 
ducing advanced litters. 

2) The same selection brings about the suppression of the chemically 
iced fibrosarcoma and other late-appearing tumors (except lung) and an 
ease of adenocarcinoma of the mammary gland in female mice. 

3) The increase in the incidence of adenocarcinoma of the mammary 
nd takes place at the expense of all other types of chemically induced 


ad 


iors except lung adenomas. 

4) Selection appears to increase susceptibility (as measured by latent 
iod) to mammary gland carcinoma, but does not appear significantly to 
r susceptibility to fibrosarcoma in females of the same strain. 

5) An inverse relationship between lung tumors and fibrosarcomas occurs 
nale mice, the lung tumors increasing and the local fibrosarcomas decreas- 
with continued selection. 

6) The appearance of five adenocarcinomas of the mammary gland in 


ee male mice may be of significance. 
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MATERNAL AGE SELECTION AND CHEMICALLY 
INDUCED TUMORS IN MICE* 


By Ross Markello 
Biological Station, Roswell Park Memorial Institute, Springville, N. Y. 


recent years there has been an increasing interest in the possible rela- 
ship between the aging process and susceptibility to cancer. Studies 
been conducted to determine relationships of heredity and aging to 
er in humans. 27 28 One disadvantage in attempting to analyze the 
lem in human populations with respect to genetics is the high degree 
ncontrolled variability of heterozygosity. There have been several 
rts linking cancer susceptibility to specific genes in inbred strains of 
e.6 11, 12, 14,20 One objection to applying this type of information to the 
an population is that inbred mice have a high degree of genetic homozy- 
ty, whereas the human population has a very low degree of genetic 
ozygosity. To approximate human conditions better, it would be desir- 
to have a descent of hybrid mice derived from several different highly 
ed strains varying in susceptibility to cancer. 

hybrid descent combining the genetic factors of several inbred strains 
ice that varied in susceptibility to chemically induced cancer was pro- 
ed by L. C. Strong in 1937. The NH strain was derived from the CBA, 
J, and K strains of inbred mice. The differences in response to induced 
‘ors in these strains have been published.” In general, there is a low 
dence of spontaneous tumors in the ancestral stocks. 

escendants of the NH strain were injected with 20-methylcholanthrene 
/ named the NHO strain. This potent carcinogen apparently induced 
ie mutations in the NHO strain.1* It was subsequently found that there 
some relationship between cancer susceptibility and these mutations.” 
sing the NHO strain, a study was conducted to produce a strain rela- 
ly resistant to induced tumors by selection of offspring from animals 
ing long latent periods, that is, from time of injection of the carcinogen 
il the first appearance of the tumor.’* * Results opposite to those 
ected were obtained, namely that selection toward resistance to cancer 
ceptibility actually eventually increased susceptibility as manifested by 
rter and shorter latent periods in offspring of resistant animals. 

several inbred strains of descendants of the NHO strain, namely the 
int, 2-Prunt, 4-Prunt and 5-Prunt sublines, the origins of which will be 
cussed later, have been used in studies to determine the effect of aging 
cancer susceptibility. Maternal age selection or litter seriation has been 
das the variable for aging. Animals selected toward first and second 
ers differ from animals selected toward late litters in respect to age of the 
This paper was presented to The University of Buffalo School of Medicine as an optional 
iliment of the requirements for a degree of Doctor of Medicine obtained in June 1957. 
s based largely on experiments made possible by a grant awarded to Leonell C. Stron 
The National Cancer Institute, Public Health Service, Bethesda, Md. ree 
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mother at the time the offspring were born. That is, offspring from ean 
litters were born while their mothers were young, on the average, while o 
spring from late litters were born when their mothers were older on t 
average. If there is some factor or factors related to the aging process whi 
affects cancer susceptibility, its effects can be determined by comparr 
animals selected toward early litters with animals selected toward late littes 
Data already published indicate that there is an influence on cancer $ 
ceptibility in the offspring as parents age. The effects of this influence ai 
cumulative over a number of generations.!» 17 24 2 28 Thus, two seeming} 
widely separated fields, namely gerontology and cancer research, have 
become interrelated experimentally. ] 
The purposes of the present study are: (1) to present further data on tt 
effect of maternal age selection on cancer susceptibility and to indicate an 
trends which may be arising (the final analysis can be made only wha 
divergent selection has been resorted to exhaustively and an experimet 
dealing with reverse selection should then be performed); (2) to study ti 
relationship between cancer susceptibility and general biology; and 6) | 
study and report phenomena due to factors other than maternal age selec 
such as sex differences, on the occurrence of chemically induced tumors. _ 


Materials and Methods 


The sublines used in this study were the Prunt, 2-Prunt, 4-Prunt, az 
5-Prunt. The origin of these sublines is schematically presented in FIGURE 
The pBr subline was segregated from the NHO stock in the Fy2 generatic 
or after 8 generations of methylcholanthrene injection. Genetically, # 
pBr line contains double recessive genes for pink eye, brown coat, and no 
agouti, and has the symbol ppbbaa. The pBr mice were continued 
many generations by brother-to-sister matings to assure a high degree 
homozygosity. In the Fy; generation (13 generations of methylchola 
threne injection), a brother-sister pair was separated as progenitors of # 
pBrunt (later shortened to Prunt) subline. The 4-Prunt subline was sep 
rated from the F,,; generation of the Prunt line. The 2-Prunt subline w 
separated from the pBr stock in the Fo generation (16 generations of methy 
cholanthrene injection). In the Fy generation of the 2-Prunts, a broth 
sister mating was used to give rise to the 5-Prunt subline. 

In the NHO and pBr stocks all animals were injected with the carcinoge 
whereas in the four new sublines, untreated (unt), the breeders were 
injected with methylcholanthrene. As seen from FIGURE 1, the 4-Prunt s 
line eventually died out, while the other 3 descents are being continued at t 
present time. The Prunt subline is now in the Feo generation, total inbree 
ing 37 generations (Fy; + Fe = F37); 2-Prunt in the F3o generation, to 
inbreeding 50 generations (Foo + F30 = Fs0); and the 5-Prunt in the 
generation, total inbreeding 38 generations (Foo + F4 + Fy = Fos). 

The breeders for the Prunt and 2-Prunt sublines were selected from : 


(first and second) litters. The 4-Prunt and 5-Prunt breeders were selec 
from late (fifth, sixth, and later) litters. If there were any factor in the a 
process affecting susceptibility to chemically induced tumors it would 


| 
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smitted to the breeders, which would subsequently transmit it to their 
rimental or injected offspring. 

e method of selection toward early litters is similar to the present 
an trend of having fewer offspring; hence, the age of mothers at the time 
ren are born is fairly young on the average. ‘The fact that early litters 
large and breed well, whereas late litters tend to be small and breed 
ly, accounts for the greater number of generations in the sublines selected 
rd early litters. Also, the time lapse before continuing the mating of 


< methylcholanth 
injected Due 


pBrpb 


Fi2F20 
2-Prunt 


FoF 4 
5-Prunt 


present 
14 
FooFsq  FaoF4F 


Ficure 1. Origin of the sublines in the experiment. 


ents of later descents is considerably greater than in the early litter 
cent—hence, fewer generations of inbreeding between 2-Prunts and 
runts. Z 

im all the sublines the breeders, after being selected, were placed in separate 
ces and allowed to breed as long as possible. The offspring were weaned 
approximately 30 days ofage. Atsixty + or — 3 days of age they were 
ected subcutaneously with 1 mg. of 20-methylcholanthrene dissolved in 
‘cc. sesame oil into the right flank. Injected mice were placed in boxes 
domly, with no attempt to separate sexes. Both sexes may or may not 
ve been in the same box. Any offspring born from injected animals were 
t saved. The injected animals were observed weekly for appearance of 
jpable tumors. The latent period of the tumor was defined as the number 
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of days between injection and first gross appearance of a tumor. Sur 
time was the number of days between first appearance of the tumor and t 
death of the animal. Animals were all autopsied after death and, when po 
sible, specimens of tumors were preserved in Bouin’s solution, embedd 
paraffin, and stained with hematoxylin and eosin. Animals were all giv 
the same constant diet and kept in a fairly constant environment. All t 
animals in the experiment were genetically similar, assuming a high degree 
homozygosity following seventeen generations of inbreeding of the origir 
pBr strain. Any difference should theoretically be due to selection, barri' 
a small amount of divergence due to spontaneous mutations, plus the ai 
that complete homozygosity is not obtained (genetic segregation). 

In the first ten generations of 2-Prunts the breeders were taken at randg 
After ten generations the breeders were selected from first and second litte 
only. The first ten generations were referred to as Series I and serves as 
series of controls for the experiment. Since some data for the 2-Prunt st 
line have already been published,?* data accumulated since publication pl 
data not published before will be included in this paper. | 

It has long been recognized that painting a carcinogen on the skin of « 
animal produces a skin tumor, usually epidermoid carcinoma, whereas s 
cutaneous injection produces neoplasia of connective tissue elements, a 
fibrosarcoma. Early in this experiment it became apparent that other i 
tological types of tumors were occurring. Hence it became necessa | 
diagnose each tumor to rule out any difference attributable to differen 
in types of tumors. 

Pathological specimens of the tumors were diagnosed and included if 
were malignant. 

To date there have been diagnoses made on 3651 tumors occurring in 31. 
mice. This includes the period from approximately January 1949 to Ju 
1956. The tumors were separated into the following categories: 

(1) Local tumors. These, including tumors occurring at or near the $1 
of injection, were further subdivided into four histological types: (a) fibr 
sarcoma, a diagnosis made whenever typical fibroblastic elements pred 
nated and including a few tumors referred to as round cell sarcomas* | 
Strong and O’Neill;?* (b) mammary gland carcinoma, including vari 
histopathological types of mammary gland tumors such as medull 
intraductal, and scirrhous;”> (c) squamous cell carcinoma, and (d) mi 
tumors, including any tumors containing two or more neoplastic elem 
classified in the other three types of local tumors. 

(2) Lung tumors. These included both primary and metastatic tum: 

(3) Liver tumors. There were few liver tumors in this study and, w 
there were only two or three in the entire subline, they were included u 
the heading “‘others.’’ 

(4) Other tumors. This class included rarer visceral growths such 
stomach and kidney tumors. 

Data collected for each type of tumor included latent period, survi 


x Since there were very few of these sarcomas in this study, and since they repr 
anaplastic fibrosarcomas according to Boyd,? they were included as fibrosarcomas. 
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, sex of the animal, and litter to which it belonged. Tabulations were 
e for the following: (1) average latent period for each type of tumor; 
percentage of incidence of each type of tumor in animals arranged in 
ps of fifties according to date of death (chronologically); (3) multiplicity 
mors; (4) latent period of tumor, survival time, and life span of the 
or-bearing animal for animals arranged in their respective litters; (5) 
entage of incidence of various tumors in animals arranged by litters; 
lung tumors, including percentage of incidence and latent period in the 
pus sublines; and (7) mammary gland tumors; latent period in virgins 
s breeding females. Results will be discussed for each subline and then 
comparative basis between the various sublines. 


Resulis 


e Pruut subline. In this subline there were 471 diagnosed tumors occur- 
in 377 female animals and 271 tumors in 258 males, making a total of 
diagnosed tumors in 635 animals. Tapes 1 and 2 present the data on 
nt period and percentage of incidence of each type of tumor in females 
males respectively. Groups of 50 mice are arranged chronologically 
yrding to date of death. The first class of 50 were the first 50 animals 
died, and so on down the table. Note that, for each group, local tumors 
prise 80 per cent to 90 per cent of total tumors. During the course of the 
sriment there has been no significant change in the percentage of incidence 
y one type of tumor. The total number of tumors for each group is not 
ificantly different. Fibrosarcomas comprise, on the average, 55 per cent 
ll tumors in the females, but comprise an average of 83 per cent of all 
ors in males. It is interesting to note that local tumors other than 
9sarcomas are rare in males, but plentiful in females. Hence, the female 
varied in the type of tissue susceptible to induced tumors. The com- 
ed percentage for all local tumors is practically the same for both sexes. 
IGURE 2 is a three-point moving curve depicting some trends in latent 
ods of various tumors during the course of the experiment. Note that 
latent period for each type of tumor has been increasing. This has been 
comitant with selection toward early litters. It would appear that ani- 
is selected toward early litters become more resistant to induced tumors 
erms of latent period. 

‘ince some animals bore more than one tumor, either histologically similar 
different, it was decided to make analyses on the basis of tumors rather 
nanimals. This technique has been previously employed." 

PABLE 3 represents the latent period of tumors, survival time, and life span 
tumor-bearing animals for animals arranged in litters. FicuRE 3 is a 
ee-point moving curve depicting the trends. Note that the latent period 
fibrosarcoma in females decreases with advancing litters, whereas in 
les it increases, and also that it is always, on an average, longer in males. 
e latent period for mammary gland tumors showed no trend in litter 
uence, but survival time decreased with advancing litters. Survival time 
animals bearing fibrosarcomas was practically a straight line. From 
BLE 3 note that both the latent period and survival time for mammary 
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TABLE 1 

Prunt FEMALES: LATENT PERIOD IN Days AND PERCENTAGE OF INCIDENCE 
Various TuMoRS IN ANIMALS ARRANGED IN GROUPS OF FIFTY 

CHRONOLOGICALLY ACCORDING TO DATE OF DEATH 


Local tumors 


Prunt females : Lung | Liver | Other 
Animals in fifties Fibro- |Mam.| Squam. 
sar- gl. cell Mixed 
coma | Ca. ca. 
No. of tumors..| 34 8 7 8 
1-50 %oftotal.....| 44.2 | 10.4 9.1 10.4 
Lat. per., days.| 145 196 107 157 
No. of tumors..| 33 6 8 10 
51-100 % of total.....| 51.6 9.4 12.5 15.6 
Lat. per., days.} 123 199 109 128 
No. of tumors..| 34 9 6 z 
101-150 % of total..... 51-6>)) 1523 10.2 3.4 
Lat. per., days.| 124 136 113 113 
No. of tumors..| 38 11 1 a 
£51—200 maoerot totalees i) OLIS Rh Waa? 1.6 nla es 
Lat. per.. days.} 158 137 141 194 
No. of tumors..| 34 8 4 5 
201-250 % of total..... Wii ali eel! 6.6 8.2 
Lat. per., days.| 172 266 170 175 
No. of tumors..| 29 8 8 5 
251-300 % of total..... 50.0 | 13.8 13.8 8.6 
Lat. per., days.| 150 199 181 111 
No. of tumors..| 58 9 8 2 
301-377 % of total..... 64.4 | 10.0 8.9 Died 
Lat. per., days.| 166 253 195 263 
No. of tumors..| 260 59 42 39 
LeSiti) Sowtitotalies.aheooeem elec 8.9 8.3 


gland tumors are longer than for fibrosarcomas in females. Note also t 
while the latent period for fibrosarcomas in females is shorter than in m: 
survival time is longer in females giving a life span (latent period plus surv 
time plus sixty days) not significantly different between the sexes. 
would indicate that there are different mechanisms involved in latent per 
and survival times for chemically induced tumors. 

One must use caution in interpreting the data for litter seriation. 
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mber of animals in late litters is small; therefore, the size of the successive 
ses is not equal. 

ABLE 4 presents data on the percentage of incidence of various tumors in 
mals arranged by litters. The classification of tumor types was so chosen 
roduce classes of significant size. There were no significant trends in 
centage of incidence of any type of tumor with advancing litter number. 
m the totals note that nearly 85 per cent of the tumors occurred locally. 
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TABLE 2 
Prunt Mates: LATENT PERIOD IN DAys AND PERCENTAGE OF INCIDENCE OF 
Varrous Tumors IN ANIMALS ARRANGED IN GROUPS OF FIFTY 


Local tumors 
Prunt males 
Animals in fifties Fibro- | Mam. | Squam. danny |, Other Low! 
sar- gl. cell | Mixed 
coma | ca. ca. 
No. of tumors........ 49 = as = 6 1 56 
a0). % of totalys.........- 87.5 —_— — — 10.7 | 1.8 | 100.0 
Wateper, days... 4-.| 201 — — —_ 437 | 394 _— 
No: of tamors: f.2 a6 44 = 1 — 6 3 54 
C7 Of Lotalteiece wwe. 81.5 — 1.9 — fit. | 526) 110050 
Ibat) per: days: << 161 — 588 _— 347 | 181 — 
No. of tumors........ 41 1 3 2 1 —_ 48 
COM LOtala., .is\ecissers « 85.4, | 2a 6.3 4.2 2.1 — |100.0 
Lat. per., days........ 172 142 175 132 795 — — 
; INomoktumors: .. =). 44 aed = — 8 1 53 
1-200 % of total............ 83.0 | — — oe AS 91 10080 
atepery days. .s.04..' 204 = — — 469 | 567 == 
my No. of tumors........ 49 = 1 == 10 — 60 
1-258 -% of total............ 81.7 — etl _— 16.7 | — | 100.0 
Mie Dateper., days.........| 187 oe 81 — 502 — _— 
me «No. of tumors........ 227 1 5 DP Neo. 5 271 
1258, --% of total...........: 83.8 | 0.4 1.8 0.7 41.45) 1.8 | 100.0 
a Av. lat. per., days....| 185 142 238 132 460 | 301 — 


f these locals in females, 65 per cent were fibrosarcomas. From TABLE 2 
yte that over 95 per cent of local tumors in males were fibrosarcomas. 
The 4-Prunt subline. This subline was selected toward a late litter descent. 
nce late litters are small in numbers, breeders were not plentiful and, hence, 
e number of offspring for experimental animals was restricted. This sub- 
ie never bred well and eventually died out. There were 102 diagnosed 
mors in 82 females and 60 tumors in 59 males, making a total of 162 diag- 
ysed tumors in 141 animals. ; 
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TABLE 5 presents latent periods and percentage of incidences of various 
tumors. The animals of each sex were divided into two classes to see if there” 
were any differences. There were no significant differences between the two 
groups for either sex. Note that fibrosarcomas comprised approximately 
55 per cent of all tumors and 65 per cent of local tumors in females whereas, 
in males, fibrosarcomas comprised about 80 per cent of all tumors and more 
than 90 per cent of local tumors. The incidence of local tumors was the 
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Ficure 2. Prunt females: latent periods of various tumors in animals arranged by 
fifties. ‘Three-point moving curve. 


same for both sexes. Again the female shows greater variability in tissue 


tn khan: 


' 


7 
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susceptibility to induced tumors, namely, to bearing mammary gland tumors, | 


squamous cell carcinomas, and mixed tumors. It is interesting to note the 
occurrence of three mammary gland tumors in the males. It is extremely 
rare to have such tumors in males induced by methylcholanthrene, or even 
under spontaneous conditions. 

TABLE 6 presents data for animals arranged in litters. There were no 
significant trends with advancing litters. Since the classes were so small, 
it would be difficult to evaluate any trends that may have arisen. Note that 
the average latent period for fibrosarcomas in females was much shorter than 
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that in males, while survival time was longer in females. Due to the longer 
latent period, the life span was longer in males. 

The 5-Prunt subline. This subline, also selected toward late litters, was 
‘able to survive fairly well. There were 367 tumors diagnosed from 293 
females and 193 tumors from 184 males, making a total of 560 tumors diag- 
nosed from 477 animals. TasBLrs 7 and 8 summarize the data obtained. 
In the females the incidence of mammary gland tumors increased during the 
course of the experiment while the incidence of fibrosarcomas decreased. 


TABLE 3 
Prunt: Latent Perrop, SuRvVIVAL TimME IN Days For Tumors AND LIFE SPAN OF 
Tumor-BEARING ANIMAL FOR ANIMALS ARRANGED BY LITTERS 


—— = 


Females Males 


Mammary gland 


Print et an Fibrosarcoma Fibrosarcoma 
Litter 
Lat. | Surv. | Life Lat. | Surv. | Life Lat. | Surv. | Life 
No. | per.,| time, | span,| No. | per.,| time, | span,] No. | per., time, | span, 
days} days | days days | days | days days| days | days 
1 @ lads) 434 +) 342  20)) 177 | 72.) 309°] 21 } 18%) 68. | 315 
2 Geese 135.) 400 & 43 1-158] “74° 1-292) 32) 188) 50 ~}..298 
3 g | 223 |-123 | 406 | 30] 151 | 81 | 292 | 40| 169 | 54 | 283 
4 12 | 200 eso Mees oe ISS eee ein I eo | Ore | Slee 284 
5 if ales} 74 | 267 | 34] 142| 61 | 263] 40] 193 | 54 | 307 
6 » i999 ) 147 | 395 | 30 | 144-) 82 | 286 | 207185). 55 | 300 
7 el atlsil il | DOE MG Se ATU Mees: 247 (55) 4362 
8 Cee 72 95 | 436 On -1 76.1) 65.4 |°293 TS) 20d 62. e323 
9 tea 150 70 | 280 So 120) 85.4265 2 260Ke sD) a\a39o 
10 — | — oe ce Seis Sd eal ols 3136") 45 | 242 
11 an — — 1 he | £99" 14236 iP ho st eS) 185 
12 i alee, TRE | PAGER 9) oe — _ 21146} 57 | 264 
“dl 13 ee ee pes es ea ee — — 2 | 195 75 | 329 
_ Average... 193 | 106 | 359 149 | 75 | 284 184 |} 55 | 299 
Ebotals).... 59 259 228 


Fy 
 Frcure 4 is a two-point moving curve depicting the trends in percentage of 
incidence of various tumors in females. The incidence of mammary gland 
tumors increased from 13 per cent to 42 per cent on the curve, while the 
incidence of fibrosarcomas decreased from 53 per cent to 36 per cent. This 
~ js an absolute inverse relationship rather than a relative one, since the number 
of tumors in each group of 50 animals is fairly constant. The incidence of 
_ other types of tumors did not alter significantly. As in the other sublines, 
local tumors comprised more than 80 per cent of all tumors in both sexes. 
" Fibrosarcomas comprised about one half of all tumors in females, but more 
than 80 per cent in males. The difference was made up for by the other 
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histological types of local tumors in the female. Again, the female oe | 
variability as to the type of induced local tumor, whereas the male remain 
fairly constant. There were no significant trends in latent periods for the: 
various tumors. 


days 


250 Prunt 


ee §=— fibrosarcoma ry 
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—— —— mommary gland ca. 
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1 
Ficure 3. Prunt: latent period and survival time of tumors in animals arranged by 
litters. Three-point moving curve. : 


TABLE 9 presents data on tumors in animals arranged by litters. The 
trends are depicted in F1GURE 5, which is a three-point moving curve. The 
latent period for fibrosarcomas in both sexes, as well as for mammary gland 
carcinomas, increased with advancing litters. Survival time remained fairly 

constant throughout. Again the latent period for fibrosarcoma is longer in 
males, while survival time is longer in females. The male has a longer life 
span because of the longer latent period. The latent period and survival 
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TABLE 5 
4-Prunt: LATENT PERIOD AND PERCENTAGE OF INCIDENCE OF TuMoRS IN ANIMALS 


SEPARATED INTO Two CLASSES { 
Females Males 
. 
Animals 1—41 Animals 42-82 Animals 1—29 Animals 30-59 
4-Prunt : —_—= 
No. | Per | Lat. | No. Per | Lat. | No. Per | Lat. | No. Per La 
tu- cent | per.,| tu- cent | per.,| tu- cent | per.,| tu- cent | per.gm 
mors | total | days | mors | total | days | mors total | days | mors | total days” 
a —- | 
Fibrosarcoma....... 29 56.9| 114 28 54.9] 133 24 85.7 | 176 25 78.1} 252 : 
Mammary gland car- | 
CiNOMA, i555 3.9| 107 4 7.8 98 2 7.1.) 279 1 3.1) 274 
Squamous cell car- | 
CANOMAS yes als ate 11.8} 118 5 9.8 90 — —_ — 1 3.1] 434 - 
Mixedicetescnictnc 6 | 11.8] 100 7 | 13.7} 193 | — — — — — 
Lung... 6 11.8] 105 7 13-7}: 328 2 Tol owe 5 15.6} 421 
Other ee ee eee 2 4.0} 102 | — — —|— — =} = = 
Were aaeint canes 51 | 100.0 51 | 100.0 28 | 100.0 | 32 | 100.0 
t 
. 
TABLE 6 \ 
4-Prunt: LATENT PERIOD, SURVIVAL TIME FOR TuMORS AND LIFE SPAN OF THE 
Tumor-BEARING ANIMAL FOR ANIMALS ARRANGED BY LITTERS 
4-Prunt 
Fibrosarcomas Females Males 
No Lat Surv Surv Life 
Litter i Pere time time span 
tumors ? ? 
days days days days 
{ 
1 5 121 89 9 33 308 
7. 13 ALY 64 is 47 314 ; 
3 15 137 83 9 53 370 
4 up| 125 56 7 58 373 
5 6 130 79 4 56 299 
6 4 111 65 4 48 282 
7 1 81 90 — = poe 
8 2 106 91 2 67 333 
9 me me = 1 40 255 
Averages....... 124 73 a2 327 


time for mammary gland tumors were slightly longer than for fibrosarcomas 
in females, but not significantly so. 

TABLE 10 presents data on the incidence of tumors in animals arranged by 
litters. There were no significant trends with advancing litter number. 
On the average, mammary gland tumors comprised nearly 30 per cent of 
Jocal tumors. Fibrosarcomas comprised approximately 50 per cent of local 
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tumors in females. From Taste 8 note that fibrosarcomas comprise over 
95 per cent of local tumors in males. Local tumors in this subline comprised 
more than 80 per cent of all tumors in both males and females. 

The 2-Prunt subline. TABLE 11 presents data for the 2-Prunt females. 
Data on the first 800 animals in the table have been published.”? It was 


TABLE 7 
5-Prunt FEMALES: LATENT PERIOD AND PERCENTAGE OF INCIDENCE OF TUMORS IN 
ANIMALS ARRANGED IN GROUPS OF FIFTY 


Local tumors 
5-Prunt females 
Animals in fifties Hitt: Mar. | Squam: Lung | Other | Total 
: sar- gl. cell Mixed 
coma | Ca. ca. 
No. of tumors........ 34 8 8 5 8 1 64 
1-50 % of total tum....... Soe leeele mle Zo eS en 2s om eel Gn LOOKO 
aeapery days maces a.) 120 152 116 149 127 | 142 — 
No. of tumors........ 33 10 7 5 6 — 61 
51-100 % of totaltum....... SAM Oran kl. 8.2 9.8 | — | 100.0 
Wate per Gays. soc. - 138 137 169 158 162 — a 
No. of tumors........ 30 19 if 2 3 — 61 
101-150 % of totaltum....... AOE Slat iS 3.3 4.9} — | 100.0 
Lat. per., days........| 122 140 97 90 196 — — 
; ING OftbUIMOES yeis 2 14 > 35 16 < 6 6 — 66 
mr 5t-200  % of totaltum....... 53.0 | 24.2 4.5 9.1 9.1 — | 100.0 
Tate per., days....:2..| 158 168 128 129 270 _— — 
Nos oltumors. 2. ..-.)- 22 30 9 1 4 2 68 
01-250 - % of total tum....... 32a a4 3. 2 173 5.022 9 | 10020 
p Eateper., days......:.|° 133° | 139 119 181 | 328 | 342 | — 
>. No. of tumors.......- 19) <A). 46 8 3 ee oeaae nae © 
~ 251-293 of total tum, ./....- 40.4 | 34.0] 17.0 6.4 2.1 — | 100.0 
a Lat. per., days........ rip eae Ie 106 127, | 62 | — |.— 
&. No. of tumors........ 173 99 42 22 28 3 367 
12293. % of total tum..... ~~ ATO ONP G14. 16.0 8197.6 910.8" | 100.0 
Av. lat. per., days....| 138 148 121 138 200 | 275 — 
v7, 


5 


“decided to modify the table and use it with the data accumulated from June 
1955 to June 1956 to show the trends depicted in FIGURES 6 and 7. Fibro- 
sarcomas in the table include round cell sarcomas listed separately. This 
subline was composed of 2 series. The first 300 animals in the table comprise 
approximately the first series in which there was no selection of breeders 
“based upon age. Selection toward early litters or early maternal age was 
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exercised in Series II, which was composed of the other approximately _ 

800 animals. i 
Ficure 6 is a three-point moving curve depicting the latent periods of 

various tumors in Series II and is taken from TABLE 11, using animals from _ 

301 to 1082. There has been an increase in latent period for most of the 

tumors during the course of the experiment similar to the Prunt subline. 
Ficure 7 depicts percentage of incidence only of mammary gland tumors 

and fibrosarcomas in the entire subline. Mammary gland tumors increased 

TABLE 8 


5-Prunt MALEs: LATENT PERIOD AND PERCENTAGE OF INCIDENCE OF TUMORS IN 
ANIMALS ARRANGED IN GROUPS OF FIFTY 


— 


Local tumors 
5-Prunt males Lung | Other Total 
Animals in fifties ' Mam. | Squam. | tumors | tumors 
Fibro- gl cell { 
sarcoma| ¢, a. 
No, of tumors? que. 50 —_ — 3 — 53 
150-9; of total tum... 94.3 —_— — se | — 100.0 @ 
Lat. per; days. a... 170 — —_ 176 oo = 
No. of tumors........ 43 1 — 6 — 50 
51-100 % of totaltum.......| 86.0 2.0 _ 12.0 _ 100.0 
Lat. per., days....... 200 146 _— 518 —_ — . 
No. of tumors........| . 39 — 1 14 — 54 
101-150 %oftotaltum....... 42.2 = 1.9 25.9 a 100.0 — 
Lat: per fdaysnchure- 156 — 165 531 — — : 
No. of tumors........ 25 — 2 7 2 36 
151-184 % of total tum....... 69.4 —— 5.6 19.4 5.6 100.0 
Lat. per., days....... 174 — 56 503 400 —- 
No. of tumors........ 157 1 3 30 2 193 
1-184 %oftotaltum.......} 81.3 Oss 1.6 1525 1.0 100.0 
Av. lat. per., days....| 175 146 92 486 400 — 


from 13 per cent to a maximum of 36 per cent, and then levelled off at 30 per 
cent. Fibrosarcoma showed an inverse relation by decreasing from 57 per 
cent to 40 per cent and then increasing to level off at 53 per cent. The inci- 
dence of the two types of tumors began converging until they became almost 
equal, and then diverged to approach equilibrium. This indicates a tendency 
on the part of the species to maintain equilibrium somehow in the face of 
a changing characteristic, in this instance a practically straight line increase 
in mammary gland carcinoma, 

The male animals are not reported again because there were no significant 
findings to report, other than those from the previous publication.2? The 
number of data was increased, however, from 600 to about 800. 


ee 
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Comparative analysis of the four sublines. TABLE 12 presents data on inci- 
dence and latent periods of tumors in females of the 4 sublines as a whole. 
A total of 2302 tumors occurred in 1834 animals. The data for Series I of 
‘the 2-Prunts has been modified from a previous publication®® and inserted 
here for purposes of comparison since it represents one control group (with- 
out selection). The most significant findings concern the incidence of mam- 
mary gland carcinomas. In the control group there were 12.6 per cent 
mammary gland tumors, while there were 31.0 per cent in Series II of the 


per cent 


60 5-Prunt females 


50 


= mammary gland co. 


40 a 


fibrosarcoma 


30 FA 


20 7 


10 —-_——— 


mixed lung 


1-2 2-3 3-4 4-5 5-6 
groups of fifties 


: Ficure 4. 5-Prunt females: percentage of incidence of various tumors. Two-point 


| - moving curve. 


- 2-Prunts and 27.0 per cent in the 5-Prunts. These differences were analyzed 
statistically. The test of significance used was the critical ratio that is equal 
to the difference between 2 quantities divided by the standard error of the 

“difference. A critical ratio of 2 or more is statistically significant at the 

0.05 level. The critical ratio for the difference between Series I and Series 
II was 3.4. The critical ratio for the difference between Series I and the 
5-Prunts was 2.2. Both these differences were significant at the 0.05 level. 

We may not attribute the increase in mammary gland tumors to maternal 

age selection since the 2 groups with the high incidence was selected in dif- 
ferent directions. However, since the 5-Prunts were derived from the 
 2-Prunts, there may be some factor which arose before the 5-Prunts were 


— 
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separated off to account for the difference in tissue susceptibility to induced 

tumors. : : 
The high incidence of mammary gland tumors was compensated for in uo 

two sublines concerned by a decreased incidence of all other types of tumors. 

The decrease was distributed so that, even though there was a lower incidence 

of fibrosarcomas in Series II and in the 5-Prunts, statistically it was not sig- 


nificantly different from the controls (Series I of the 2-Prunts). 


TABLE 9 H 
5-Prunt: LATENT PERIOD, SURVIVAL TIME IN Days For Tumors AND LIFE SPAN OF 
Tumor-BEARING ANIMAL FOR ANIMALS ARRANGED BY LITTERS : 


= — 
Females Males 
slams ay gikad Fibrosarcoma Fibrosarcoma 
5-Prunt carcinoma 
Litter 
Lat. | Surv. | Life Lat. | Surv. | Life Lat. | Surv. | Life © 
No. | per.,| time, | span,| No. | per.,| time, | span,] No. | per.,| time, | span, 
days| days | days days| days | days days | days | days 
7 
ei, (iat tae’ ae a —— | 
1 31 | 146 80 | 286 | 34 | 138 80} 278 | 45 | 170 | “S5\285 
2, 25 | 142 76 | 278 | 48 | 134 TS \-269 5) 31 4 17S SOe een 
3 ZO get siey 102s 2930 20 os 81 | 2744" 33} A048 58 | 289 q 
4 7 | 148 54 | 262 | 27 | 140 89 | 289 | 21:|.188 |} 60 | 308 © 
5 7 | 181 94 | 335 | 20 | 160 85 | 305 19 | 184 | 52 | 296 ; 
6 4 | 176 74 | 310 5 | 131 62 | 253 3 |-199' |) 56, 315 
7 1 | 166 | 159 | 385 3 | 143 60 | 263 3 4°209 |) 568) osu ; 
8 3 | 134 57 | 251 5 | 128 58 | 246) — | — _ — 1 
9 1 | 207 | 100 | 367 So Gic nh Arse oe 2 | 134 |' 43.5) 237 
Se ae ae ae) eae eae ee ——— 
LAWS Nec 146 83 | 289 134 Wt | 270 177 | -5S5/s), 2928 
total. cies 99 174 157 


There were no significant differences in the latent periods for any one type’ 
of tumor between the sublines. The latent period for fibrosarcoma in late 
litter descents (4-Prunt and 5-Prunt) was less than for early litter descents, 
but the difference was not statistically significant. i 

The latent period for mammary gland tumors was longer than for fibro-_ 
sarcomas in general, and the latent period for lung tumors was longest. | 
Lung tumors will be analyzed and discussed later. It is interesting to note. 
on the bottom line of TABLE 12 that the averge number of tumors per animal. 
for each subline was amazingly similar. | 

In TABLE 13 the data for tumors occurring in male animals are presented 
for the 4 sublines. There was a total of 1349 tumors in 1301 animals. Data 
on approximately 600 animals of the 2-Prunt subline have been reported pre- 

viously.” The data here represent modifications and the addition of approxi- 


tt Be MPa etsy 


Markello: Maternal Age Selection 913 


mately 200 more animals. There were no significant differences noted 
between the sublines for any characteristic in male mice. 

_ Fibrosarcomas comprised over 80 per cent of all tumors and practically 
100 per cent of local tumors. To date, 12 mammary gland carcinomas have 
occurred in 9 male mice. In addition, a spontaneous mammary gland tumor 
occurred in a 2-Prunt male breeder. This does not appear in the data, since 
breeders are not included in this report. The first 10 mammary gland tamore 


days 5-Prunt 


latent period 
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fibrosarcoma o” 
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 Ficure 5. 5-Prunt: latent period and survival time of tumors in animals arranged by 
litters. Three-point moving curve. 


“in males have been reported.? The lung tumors comprised the only other 
“significantly large group. Other types of tumors were quite rare, comprising 
5 per cent of all tumors exclusive of fibrosarcomas and lung tumors. The 
average number of tumors per animal was again quite constant. 

- Comparing TABLES 12 and 13, there were several sex differences noted. 
Females produce a higher incidence of local tumors other than fibrosar- 
-comas. However, as stated before, the incidence for all local tumors com- 
bined is the same for both sexes. The latent periods for both fibrosarcomas 
and lung tumors were much longer in the male than in the female. This would 
‘indicate that females are more susceptible to induced tumors than males. 
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There was a difference in the number of tumors per animal. The critical 
tatio for the difference between the 2 sexes was 16, making it very significant 
statistically. This would also indicate a higher susceptibility to induced 
‘tumors in the female. 


TABLE 11 
2-Prunt FEMALES: LATENT PERIOD AND PERCENTAGE OF INCIDENCE OF TUMORS IN 
ANIMALS ARRANGED IN GROUPS OF ONE HUNDRED 


Local tumors 
2-Prunt females ; 
Animals in hundreds : Lung | Liver | Other 
and No. of tumors Fibro- | Mam. | Squam. Mixed tumors | tumors | tumors 
sar- gl cell aA 
coma ca. ca. tumors 
1-100 * Percentage of incidence..| 56.1 9.8 13.8 flne: 4.9 Dee 5a7 
123 tumors...| Lat. per., days.......... 141 149 114 140 21a 216 148 
—— ———— 
~ 101—200 Percentage of incidence..| 60.0 8.6 9.3 pee) 7.9 2.9 3.5 
138 tumors Late pers days... 2.0.) 131 148 94 153 143 112 104 
~ 201-300 Percentage of incidence..} 54.5 20.7 4.1 8.3 9.1 dai i ay 
121 tumors Pate Pere GAYS 6 cree ons 170 118 139 133 223 152 154 
~ 301-400 Percentage of incidence..| 57.7 251.2 4.9 4.9 6.5 0.8 _ 
123 tumors Mat. Der GAySs fahtewie-'=,- 123 118 78 100 160 170 _— 
5 401-500 Percentage of incidence..| 52.0 22.8 6.3 3.9 13.4 1.6 — 
' 127 tumors Wate per, dayse. ccs. s. 112 131 99 130 172 79 a 
501-600 Percentage of incidence..| 38.4 | 34.6 10.5 6.8 9.8 _ —_— 
_ 133 tumors Wate Pete AGa VS hs lores cleic 139 119 149 411 205 — — 
~ 601—700 Percentage of incidence..| 40.7 | 34.1 yey) Bink 12.6 0.7 3.0 
135 tumors Wate Pets OAVSs easel. < -/- 135 137 178 140 211 136 223 
- 701-800 Percentage of incidence..| 41.4 37.9 5.0 5.0 10.0 0.7 — 
- 140 tumors WeaberpersyGAaySs sarees oe. 178 176 97 111 357 107 = 
~ 801-900 Percentage of incidence..| 47.9 30.6 7.4 —_— 11.6 —_— 2.5 
121 tumors Wat. per days... «os. - 142 212 174 — 351 — 250 
* 901-1000 Percentage of incidence..| 73.8 19.6 1.9 0.9 Binef —_ — 
107 tumors Wate Pet, CAYSs cae ar. 161 200 125 151 309 _— —_ 
ad 1001-1082 Percentage of incidence..| 41.5 41.5 7.4 alee 8.5 — — 
94 tumors Lat. per., days.......--- 171 223 158 245 314 —_ — 
- 4-1082 Totals | Percentage of incidence. . 51.0 | 25.8 7.0 4.7 9.0 Des, 
1362 tumors Av. lat. per., days....... 144 162 158 131 235 155 


In TABLE 14 the multiplicity of fibrosarcomas and mammary gland tumors 
is analyzed. A multiple tumor is defined as one occurring in an animal hav- 
_ ing more than one tumor. Thus if an animal had more than one tumor, 
~ each tumor was classified as multiple. FrcurE 8 depicts the data graphically. 
_. There were no differences between the sublines for any characteristic. 
_ The ratio of multiple fibrosarcomas to single ones was approximately 1:3 for 
_ females. The ratio in males was app. 1:15. The critical ratio for the dif- 
ference of the percentage of multiple fibrosarcomas between the 2 sexes was 
~ 42. More than one half of all mammary gland tumors were multiple. The 
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difference between the percentage of multiple fibrosarcoma in females and 
that of mammary gland tumors had a critical ratio of 5. 
The difference between the number of tumors per animal for males versus 
females noted before was not due solely to the greater number of mammary 
gland tumors in the female, but also to a higher multiplicity of fibrosarcomas 


in females. The data from TABLE 14 would indicate that females are more 
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FicurE 6. 2-Prunt females Series IT: latent 


period of tumors in animals arranged by — 
hundreds. Three-point moving curve. 


susceptible to induced tumors than males, and that mammary gland tissue : 
is more susceptible than connective tissue to chemically induced malignant — 
tumor formation in this inbred strain. 

Lung tumors were analyzed separately. In TABLE 15 lung tumors were 
classified as primary or metastatic for both sexes in all sublines. In prac-— 
tically every instance primary tumors were mature bronchogenic adenocar- 
cinomas. The metastatic tumors were so classified because in each instance a | 
histologically similar tumor was found on the surface of the animal. Ander- | 
vont" has reported induced lung tumors when histologically similar tumors 
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appeared at the site of administration of carcinogen on the surface of the 
animal. The metastatic tumors were assigned the latent period of the local 
tumor in the animal. 

The latent period for primary tumors of the lung was arbitrarily calcu- 
lated as the number of days from injection until the date of death, minus 
30 days. Hence, not the actual latent period, but the fact of being a defined 
quantity, serves as a basis for comparison. Ficure 9 is a histogram depict- 
ing the incidence of primary versus metastatic lung tumors. 
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Ficure 7. 2-Prunt females: percentage of incidence of tumors in animals arranged by 
_ hundreds. T. hree-point moving curve. 
_ There were no significant differences between sublines, but there were 
" some significant sex differences. An average of 33 per cent of all lung tumors 
- in females were primary, whereas males had an incidence of 85 per cent pri- » 
“mary. The difference was statistically significant. The latent period for pri- 
" mary lung tumors was shorter in the females than in the males. Females, 
- being more susceptible to local induced tumors, do not live long enough to 
develop primary lung tumors. However, those females that do develop 
_ primary lung tumors have a shorter latent period than males because the 
~ females, over all, are more susceptible to induced tumors. This higher inci- 
~ dence of primary lung tumors in males is interesting, since it is analogous to 


_ the human situation. 
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The metastatic tumors were classified histologically because it was sus 
pected that the difference for percentage of incidence between males and: 
females was due to the high incidence of mammary gland tumors in females: 
that frequently metastasize to the lung. The data are contained in TABLE 16.) 
Fibrosarcoma was the tumor type that most frequently metastasized. A 
comparison of TABLES 16 and 12 makes it clear that various types of local 


TABLE 14 
MULTIPLICITY OF TUMORS IN THE SUBLINES AS A WHOLE : 


——=———— ae 
= 


Females Males 


Mammary gland 


Sublines 3 Fibrosarcoma Fibrosarcoma _— 
carcinoma 
Mult. | Single] Total | Mult. |Single| Total | Mult. | Single Total 
Prunt : : 
No. of tumors..... 28 $1 59 54 205 259 22 205 227 
Per cent of total...| 47.5 | 52.5 | 100.0 | 20.8 | 79.2 | 100.0} 9.7 | 90.3 | 100.0 
—— —— : 
2-Prunt Series I 
No. of tumors..... 22 27 49 57 163 220 15 269 284 


Per cent of total...| 44.9 | 55.1 | 100.0 | 25.9 | 74.1 | 100.0 | 5.3 | 94.7 | 100.0 


3 
2-Prunt Series IT 4d 
No. of tumors..... 181 121 302 113 361 474 22 373 395 
Per cent of total...| 60.0 | 40.0 | 100.0 | 23.8 | 76.2 | 100.0 | 5.6 | 94.4 | 100.0. 
4-Prunt ; 
No. of tumors..... 4 2 6 11 46 57 3 46 49 
Per cent of total...) 66.7 | 33.3 | 100.0 | 19.3 | 80.7 | 100.0 | 6.1 | 93.9 | 100.0. 
5-Prunt : 
No. of tumors..... 51 48 99 46 127 173 11 145 156 
Per cent of total...) 51.5 | 48.5 | 100.0 | 26.6 | 73.4 | 100.0 | 7.1 | 92.9 100.0 
Totals ' 
No. of tumors..... 286 | 229 515 281 902 1183 73 1038 | 1111 


Per cent of total...| 55.5 | 44.5 | 100.0 | 23.8 | 76.2 | 100.0] 6.6 | 93.4 100.0 


4 


tumors metastasized to the lung approximately as frequently as they occurred 
on the surface of the animal. Hence, the frequency of metastatic lung 
tumors in females must be explained by some mechanism other than fre- 
quency of mammary gland carcinoma. 

During the course of analysis of data it was noted that some mammary 
gland tumors had very long latent periods. Upon further investigation, 
‘data presented in TABLE 17 were obtained. When the animals were injected 
at sixty days of age with methylcholanthrene they were randomly placed in 


| 
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oxes, with no attempt to keep sexes separate. Thus, by chance some 
emales were put in with males, and in a few instances there were some boxes 
son taining only females. The injected females were allowed to breed if 
nales were in the box, but the offspring were not saved (forced breeding). 
hus, some females were going through the reproductive cycle, while some 
emained virgin. Mammary gland tumors were classified as to whether they 
ecurred in virgin or breeding mice, and the average latent period was calcu- 
lated. Data are presented in TABLE 17 and depicted by a histogram in 
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Ficure 8. Multiplicity of tumors in the sublines. 


‘FicurE 10. Taste 17 shows that virgin mice were fewer than breeding mice. 
These breeding mice must not be confused with breeders which were not 
injected and were used to produce offspring to be injected with carcinogen. 
‘The latent periods are recorded for one tumor in each mouse, that is; ifa 
mouse had more than one mammary gland tumor, only one was included. 
‘This was done because it was desired to analyze differences between animals 
rather than tumors. 


In Series I of the 2-Prunts the latent period for mammary gland tumors 


“appearing in virgin mice was less than for those occurring in breeding mice. 


: 
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The difference, 41 days, was not quite significant at the 0.05 level, the 
critical ratio being 1.8. In Series II and in the Prunt subline, the laten 
period was much longer in virgins than in breeding females. The differen -e 
in latent periods, 204 days and 67 days, respectively, were statistically sig 
nificant. Thus, in animals selected toward early litter descents, virgin mic 
developing mammary gland tumors had a significantly longer latent period 
than did breeding females. This is more significant in view of the fact tha 
in the control group virgin mice had a shorter latent period than breedin, 


TABLE 15 
LATENT PERIOD AND PERCENTAGE OF INCIDENCE OF LuNG TUMORS 
Lung tumors Females Males i 
: 
Sublines Pri- Meta- Total Pri- Meta- Total 
mary static mary static + 
; 
Prunt | No. of tumors.... 16 S| 53 25 5 30 ; 
Per cent of total..| 30.2 69.8 100.0 83.3 16.7 100.0 
Lat. per., days....| 450 172 — 537 193 — 
2-Prunt | No. of tumors.... 46 6" 123 92 15 107 ; 
Per cent of total..| 37.4 62.6 100.0 86.0 14.0 100.0 
Lat. per., days....| 407 160 — 520 184 — Gg 
a a ae ee pe ee, aS ee es a ee a, a ee ee ee ~ 4 
: 
4-Prunt | No. of tumors... . 3 9 12 (i 0 7 
Per cent of total..| 25.0 7520 100.0 100.0 0.0 100.0 
Lat. per., days....| 453 140 — 453 —_ — Gg 
5-Prunt | No. of tumors.... 6 21 Zi 23 5 28 
Per cent of total..}| 22.2 178 100.0 $2.4 17.9 100.0 
Lat. per., days....}| 385 135 — 550 184 i 
Totals | No. of tumors.... 71 144 215 147 25 172 
Per cent of total..| 33.0 67.0 100.0 85.5 14.5 100.0 : 
Lat. per., days....| 417 159 oo 525 186 — 


mice. The phenomenon of virgin females having longer latent periods than 
breeding females was reported many years ago,® and is confirmed in this study. 

Although not indicated in the table, virgin females had single mammal 
gland tumors in early litter descents, while breeding mice were prone to 
develop multiple mammary gland tumors. The above two observations 
would indicate that, in selection toward an early litter descent, virgin females 
become more resistant to induced mammary gland tumors than breeding 
females. Also, from the above one might think that these mammary a 
tumors occurring in virgins were spontaneous rather than induced. How- 
ever, according to one theory a carcinogen merely shortens the latent period 
oF a tumor, since the animal already possessed the potential for developing 
it. | 


q 
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Ficure 9. Percentage of primary and metastatic lung tumors. 


TABLE 16 
: Merastatic Lunc Tumors IN FEMALE MICE 
ae Metastatic lung tumors in females 
e Fibro- | Mam. | Squam.| ygixeq Total 
ey sarcoma} gl. ca. | cell ca. 
Sublines 
Se Proant | No. of tumors......:....-.- 21 6 9 1 37 
Per cent of total..........- 56.8 16.2 24.3 Patt 100.0 
a a aN a 
~ 2-Prunt | No. of tumors.........----- 37 26 9 5 77 
Per cent of total..........- 48.1 33.8 news 6.5 100.0 
= een Novof tumors... .02+----*- 7 1 — il 9 
Per cent of total.........-- 77.8 11',1 a by ee! 100.0 
5-Prunt | No. of tumors........------ 12 7 — 2 21 
a Per cent of total..........- 57.1 Shise) — 9.5 100.0 
Totals | No. of tumors..........+++- 17 40 18 9 144 
b> Per cent of total..........- Boia 27.8 12.5 6.3 100.0 
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TABLE 17 
ANALYSIS OF FEMALE Mice BEARING MAMMARY GLAND CARCINOMAS 
z 
Female mice ¢ PG 
mam. gl. ca. 
Prunt 5-Prunt 
Series I Series II 

Vir.: virgins 
Br.: breeding : 
Vir. | Br. | Total | Vir. | Br. | Total | Vir. | Br. | Total] Vir. | Br. | Total 


——— | —q— | —_—|—_— | —<qoqe oy oo i— |r" 


No. of animals... <=...5.. 14] 31 45 20 | 202} 222 18 | 37 55 G77 
Per cent of total......... 31 69 | 100 9 91 100 31 69} 100 7 93 
Tat-apets,\GAySiieteisis..) selec 136 | 177 — 355] 151 — 233 | 166 — 195 | 146 
Difference, days......... 41 204 67 49 
Critical ratio)..;.0.<<:1s 0%.» 1.8 8.1 yea | 0.9 
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Ficure 10. Latent period of mammary gland tumors. 
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_In the 5-Prunt subline the latent period for tumors in virgins was longer 
han in breeders, but the difference was not statistically significant. There 
were only 6 virgins as compared to 77 breeding females, so that data were 
ifficult to analyze statistically. Therefore, it is not known at present 
hether or not selection toward late litters has any greater effect on sus- 
eptibility to induced mammary gland tumors in virgins than in breeding 
females. 

Since the experiment was not designed to study this phenomenon, the 
esults of this last analysis must be interpreted with caution. However, 
the subject merits further investigation using many virgin mice to bring the 
classes to similar sizes so they can be analyzed statistically. 


General Discussion 


Results will be discussed under three headings corresponding to the three 
listed purposes of the experiment. 

(1) Effect of maternal age selection on cancer susceptibility. From FIGURES 
2 and 6 it has been shown that, as selection toward early litter descent con- 
tinues, animals become more resistant to induced tumors as measured by an 
increase in latent period. With succeeding generations of inbreeding in 
animals of an early litter descent the age of the mother at the time offspring 
are born becomes continually younger.24 Resistance to cancer susceptibility, 
however, increases; hence, the effect of selection is the reverse of the direction 
of selection. 

From FIGURES 3 and 5 it can be seen also that increased resistance to 
cancer, as measured by longer latent periods or survival times, occurs in the 
litter numbers toward which selection is directed. The last two or three 
points on the curves are not too significant, since the numbers in these classes 
are small compared with those in the first part of the curves. Thus in 
Prunt females, (early litter descent) with advancing litters susceptibility to 
‘cancer increased, the early litters being more resistant. In the 5-Prunt 
‘subline (late litter descent) resistance to induced cancer increased with 
‘advancing litter number, later litters being more resistant. 
~ It was noted in analyzing mammary gland tumors in the early litter 
‘descents (Prunt and Series II of 2-Prunts) that virgin animals were more 
‘resistant to this type of induced tumor than breeding animals. Why 
‘maternal age selection has any effect on this phenomenon is unknown. ‘The 
observation is reported because it evoked interest and merits further 
‘investigation. 

(2) Relation of cancer susceptibility and other fields of biology. It was noted 
from FIGURES 4 and 7 that the incidence of mammary gland tumors has 
increased in the 2-Prunt and 5-Prunt sublines. In the 2-Prunts the curve 
has leveled off, indicating restoration of equilibrium. The 2-Prunts contain 
47 generations; the 5-Prunts, only 35 generations of inbreeding (21 genera- 
‘tions of inbreeding is common). The point will probably be reached in the 
5-Prunts when the incidence of mammary gland tumors will stop increasing 
‘and become more constant. This is one example of an attempt on the part 
of the species to maintain equilibrium. 


j 
4 


As previously noted, selection toward shorter and shorter maternal ag 
produced mice with longer and longer latent periods; the trend was in the 
reverse of the direction of selection. This, too, illustrates an attempt on th 
part of the species to maintain equilibrium in the face of (adverse) selection 
A similar phenomenon was noted by Strong and Sanghvi;"* when selectio 
was used to try to obtain a strain resistant to cancer by selecting offsprin 
from breeders with longer and longer latent periods, results were obtainec 
opposite to those expected. As selection toward resistance continued, tha 
mice became more susceptible as measured by shorter and shorter laten 
periods. 

Strong has observed a similar phenomenon in an experiment using selection 
of litter size.24 When mice were selected toward large litters the effect of 
selection was to produce a descent having smaller litters. j 

The above four observations represent accumulating data indicating that 
there are mechanisms at work that tend to keep the species more or less im 
equilibrium. It has been thought that by selection one could obtain a descenti 
of animals all having a variant characteristic of an ancestor. This is true 
for simple Mendelian genetics. Accumulating evidence indicates that, using, 
selection for characteristics not controlled by simple genetics, one obtains 
results to a certain degree and that then there is an attempt to restore a sense 
of balance offset by selection. In the past many investigators have been 
disappointed when experiments using selection failed to yield desired results. 
Their “failure” may have been due to this compensatory phenomenon on the 
part of the-species to resist the effects of selection. ' 

An interesting observation possibly related to the field of endocrinology 
was made concerning differences in susceptibility to mammary gland car- 
cinoma between virgin and breeding females. Only in recent times have 
there been reports of mammary gland tumors induced by hydrocarbons.* ™ 
The rates of spontaneous mammary gland tumors in the ancestral stocks of 
the mice used in this experiment have not been high. A physiological basis 
for the higher incidence of mammary gland tumors in breeding females may 
be found in the fact that these animals are constantly undergoing the repro- 
ductive cycle and consequent cyclic changes in the mammary tissue. The 
effect of carcinogen plus physiological changes in the mammary tissue may 
combine to produce this increased incidence of tumor formation. In t 
human population a different mechanism must apply, since mortality from 
cancer of the breast is higher in unmarried (virgin) than married (breeding) 
females. ; 

Another phenomenon observed in this study involves the concept of tissue 
susceptibility to chemically induced cancer. The production of the inbred 
strains in this study has led to the production of varying histological types 
of tumors at the site of injection. It is known that carcinogens applied 
topically or subcutaneously are absorbed somewhat, pass into the systemic 
circulation, and.can be detected in urine and feces.? Thus, it is possible that 
different histological types of tumors are due to the spreading of the car. 
cinogen. Since mammary gland tissue is widely distributed over the surface 
of the mouse it is obvious that carcinogen could come in contact with thi 
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ssue. It is also conceivable that epidermoid squamous cell carcinomas 
puld be elicited merely by infiltration of the carcinogen to the epidermis. 
M particular interest are the mixed tumors in which two or more definitely 
éoplastic elements occur. Evidently the carcinogen affects two tissue types 
ying in such close proximity that both become malignant at the same time. 
From TABLE 12 it can be seen that the various types of surface tumors vary 
latent periods. Squamous cell carcinoma seems consistently to have the 
hortest latent period, about 125 days. Mixed tumors and fibrosarcomas 
ad an intermediate latent period, about 140 to 150 days. Mammary gland 
umors had the longest latent period for local tumors. The latent period 
ould seem to indicate that squamous epithelium is most susceptible to 
hemically induced carcinogenesis and that mammary gland is most resistant. 
ercentage of incidence cannot be used as an index of tissue susceptibility 
ere because the carcinogen was injected directly into connective tissue 
nd/or, at times, mammary gland tissue. 

The use of multiplicity of tumors as an index of susceptibility to induced 
umors makes it obvious that mammary gland tissue is most susceptible. 
As many as 4 and 5 mammary gland tumors were found in some animals. 
[he question is whether these represented metastases from a single tumor, 
ndicated a multiple systemic response to carcinogen, or were due to sub- 
“utaneous infiltration of carcinogen, eliciting tumor formation at several 
Hiscrete points. At times, mammary gland tumors appeared far removed 
rom the site of injection. In some uninjected breeders several spontaneous 
mammary gland tumors appeared almost simultaneously at various places. 
The last two observations would indicate that there are many potential 
sites at which mammary gland tumors may occur, but this does not clarify 
the mode of action of the carcinogen. 

Susceptibility of tissues to chemically induced tumors can therefore be 
viewed as regards: (1) latent period; (2) multiplicity of tumors. From data 
on mammary gland tumors it would seem that mammary tissue is compara- 
tively resistant in terms of latent period, but susceptible in terms of multi- 
plicity. Hence, different mechanisms influencing the two characteristics 
must be at work. 

(3) Sex differences. There have been many reports indicating a sex differ- 


ence for susceptibility to chemically induced tumors.!® 2% #3 This study 
confirms observations that females are more susceptible to induced tumors 
than males. This is made evident by three criteria: (1) the latent period for 
fibrosarcomas is shorter in females; (2) females are more apt to have multiple 
tumors, that is, multiple fibrosarcomas as well as multiple mammary gland 
tumors; (3) different histological types of tumors develop in females. It is 
understandable that, due to estrogenic influences, mammary gland tumors 
may arise frequently in females but not in males. However, there was a 
tendency for squamous cell carcinomas and mixed tumors to occur more fre- 
quently in females. This makes it appear that there must be some factor, 
either physiological or linked genetically with sex, which renders various 
tissues more susceptible to induced tumors in females. 


Survival times showed an interesting phenomenon. Females had longer 


d 
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survival times than males for fibrosarcomas. In both sexes the survival tim es 
were constant for all sublines and for all litters. The average survival time 
for males was 55 days and for females 75 days. The tumors were rather 
uniformly lethal or virulent in that once they formed, irrespective of latent 
period trends, animals died in a fairly constant span of time. Since femaleg 
survived somewhat longer, it would seem that they are more resistant to the 
lethal effects of a malignant tumor. This may be another manifestation ob 
greater resistance and adaptability of the female to stress situations. 5 
Another sex difference was in the realm of lung tumors. Females appeared 
to be more susceptible to the occurrence of metastases. They were also« 
more susceptible to primary tumors in terms of latent period. Thus, the 
must be some physiological or endocrinological factor influencing the process 
whereby surface tumors metastasize to lung. Since actual latent period and 
survival time cannot possibly be determined for each lung tumor, one must! 
use caution in interpreting the defined latent period and using it as an index} 
of susceptibility. If one assumes that primary lung tumors were spon-} 
taneous and not induced, it would appear that male animals are more sus-; 
ceptible to this type of tumor in terms of percentage of incidence. However, | 
as stated previously, this may be due to the fact that females, being more} 
susceptible to locally induced tumors, die younger on the average and do not’ 
live long enough to develop primary lung tumors. : 
| 
(1) As selection toward an early litter descent continues over succeeding 
generations of inbreeding, animals become more resistant to chemically 
induced tumors as measured by an increase in latent period. 
(2) In the case of females, at least, resistance to induced tumors is greatest 
in the litter numbers toward which the subline is selected. For example. 
early litters of the Prunt subline were more resistant to induced tumors than 
later litters of the same subline. : 
(3) Virgin animals in the early litter descents were more resistant to 
induced mammary gland tumors than breeding females, as measured by 
longer latent period. : 
(4) There are factors at work, genetic or otherwise, which tend to kee 
the species in a state of equilibrium such that selection in one direction elicitd 
a compensatory response counter to the direction of selection. 1 
(5) The susceptibility of various tissues to chemically induced tumor for- 
mation is influenced, to some degree, by the metabolism of the tissue and by 
hormonal factors, as evidenced by higher tissue susceptibility in female mice. 
(6) Observations previously reported that female mice are more suscepti- 
ble to chemically induced tumors than males were confirmed by this study. 
(7) Different factors control latent period and survival time, since the 
latent period can be influenced by selection, but survival time is fairly con- 
stant for a given tumor type in a given sex. 
(8) Female mice are more susceptible to pulmonary metastases from 
tumors occurring on the surface of the animal than males are. Primary lung 
tumors occur with greater frequency in male mice. | 


Conclusions 


Markello: Maternal Age Selection 929 


Summary 


This experiment attempted to study the effect of certain variables, chiefly 
aaternal age, on the susceptibility to methylcholanthrene-induced tumors 
nmice. The animals in the study consisted of a control group, two sublines 
elected toward early litters, and two sublines selected toward late litters. 
ixperimental animals were injected subcutaneously with 20-methylchol- 
nthrene at 60 days of age. 

Data were collected and analyzed from a total of 3651 pathologically 
liagnosed tumors occurring in 3135 animals. For comparison, data were 
bresented for each subline and then for sublines as a whole. Results were 
Hiscussed under three headings: (1) effects of maternal age selection on cancer 
susceptibility; (2) relation of cancer susceptibility to general biology; and (3) 
sex differences. Conclusions were drawn to the effect that: (1) maternal age 
selection does influence cancer susceptibility; (2) cancer susceptibility may 
€ connected with a compensatory phenomenon that tends to keep the species 
n equilibrium; and (3) sex differences in cancer susceptibility that have been 
previously reported were confirmed. 
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MAMMARY TUMORS IN AGENT-FREE MICE 


By W. E. Heston 
National Cancer Institute, Public Health Service, Bethesda, Md. 


During the past several years sufficient data have been accumulated to 
dicate that, although the presence of the mammary tumor agent may bea 
ery important factor, it is not essential for the appearance of all mammary 
umors in mice.'7 In 1950 we reported a substrain, then referred to as 
train C3Hb and now designated as C3Hf, which through foster nursing had 
een deprived of the mammary tumor agent. It was originated from a litter 
emoved from the high-tumor strain C3H mother by cesarean section and 
oster-nursed upon a low-tumor strain C57BL female that did not contain the 
gent. Although it was anticipated that very few mammary tumors would 
cur in the females of this substrain, 38 per cent of the females of the first 
generations that were intensively bred developed such tumors at an average 
ge of 20 months.® 

There was no evidence of the agent in cell-free filtrates of any of the 24 
-umors of this substrain that were tested. Furthermore, the tumors occurred 
females scattered throughout the pedigree chart rather than grouping in 
ertain families segregating out as high-tumor lines. There was, however, 
a slight positive parent-offspring correlation, but it was recognized that this 
alone did not constitute proof of the presence of the agent, for slight variation 
in genetic factors or in extrachromosomal factors other than the agent could 
be expected to give such a correlation. It therefore appeared that this rela- 
tively high incidence of spontaneous mammary tumors had occurred in the 
absence of the agent because of the strong genetic influence and the intensive 
breeding. | 
- Mammary tumors occurred in only 2 per cent of 100 females of this 
C3Hf substrain kept as virgins,* but when such virgin females were chron- 
ically irradiated the incidence of mammary tumors exclusive of sarcomas rose 
to 23 per cent.’ Of a group of C3Hf males bearing pellets of cholesterol 
containing 10 per cent diethylstilbestrol, 20 per cent developed mammary 
tumors.!° 
This substrain C3Hf has been continued by brother X sister inbreeding, 
and complete data are now available on the tumors occurring in the breeding 
females from the F, through the Fes generation. In addition, three other 
substrains designated as C3Hff, C3Hf/2, and C3Hf/An also have been 
studied. Data on the occurrence of mammary tumors in these four sub- 
strains have been analyzed in an attempt to ascertain whether or not the 
agent is involved in the etiology of the tumors. 
aM Substrain CZHf 

_ There have been a total of 911 females in generations F¢ through Fas of the 
breeding colony of this substrain. These mice, as well as those of the other 


3 substrains, have been kept in an air-conditioned room at a temperature of 
4 931 . 


i 


Be 


932 Annals New York Academy of Sciences 


approximately 78°F. Before 1949, at the time of the Fy and Fio generatio 
the animals were housed in wooden cages. Since that time, they have b e 
kept in plastic cages. Pine shavings were used for bedding until 1951, al 
the F,; to Fis generation; since then a mixture of one fourth cedar and thr 
fourths pine shavings has been used. Routinely, the breeding cages w 
set up when the mice were weaned at 4 weeks of age, with 1 male and 
litter mate sisters (usually 3 or 4) in each cage. When females were foun 
to be pregnant they were isolated into separate cages and returned to 


TABLE 1 
OcCURRENCE OF MAMMARY TUMORS IN BREEDING C3Hf FEMALES 


males after their litters were weaned. The breeding cages were Rive 


and retired in cages with 8 females to each cage and were kept until the 
developed tumors or became moribund from other causes. At this time the 
were killed and examined for tumors and other lesions. Females found 
dead in the cages were likewise examined. The tumors were fixed in 0 pars 


Number | Avg. Incidence of Avg. tumor | Avg. age females 
Generation of no. of | mammary tumors age died without tumor 
females | litters (percentage) (months) (months) | 
——— ee - 
q 
Fs 72 4.6 35 19.8 20.0 } 
F; 75 4.4 20 19.3 19.5 H 
Fs 57 4.1 16 19.0 16.5 : | 
Fy 71 rst: 14 20.5 y Moye ! 
Fo 61 4.7 20 17.6 15.0 t 
Fu 63 4.6 22 19.7 16.3 | 
Fin 26 4.2 19 18.0 13.0 { 
Fi; 32 4.2 16 18.2 14.0 1 
Fu 47 4.3 26 19.6 18.0 
Fis 61 Sor 23 20.3 18.1 
Fig 50 SLO 24 2051 19.8 | 
Fy7 40 Sina 2S Zend 21.8 
Fis 34 oe 29 Zila? 22-4 
Fig 22 3.8 23 19.0 20.4 
F 2 43 Sige) 33 21.1 20.0 
Fa 33 2.6 18 20.5 21.6 ; 
Foo 41 sien 22 19.3 19.6 ; 
Fes 38 3.4 16 2152 eA bal 
Fog 23 Ses! 26 22.8 17.7 } 
Fo5 22 a7 27 19.2 21.9 
Fo_25 911 3.9 22 19.9 18.3 
as long as the females bred; the females were then separated from the hey 


modification of Tellyesniczky’s fixative (70 per cent ethyl alcohol, 20 parts; 
formalin, 2 parts; glacial acetic acid, 1 part) and were sectioned and stained 


with hematoxylin and eosin for histological examination. | 
Mammary tumors occurring in the C3Hf females are listed in TABLE 1. 
The incidence of females with mammary tumors in the various generations 


varied from 14 per cent in Fy to 35 per cent in Fs, with an incidence of 22 per 
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ent for the total 911 females. The average age at which the tumors appeared 
aried from 18 months in Fy, to 22.8 months in Fos, with an average of 19.9 
ionths for all generations. The average age at which females without 
Jammary tumors died varied from 13 months in generation Fy, to 22.1 
aonths in Fy, with an over-all average of 18.3 months. There was no evi- 
ence of a mammary tumor agent that was either dying out or being built 
p in successive generations, for neither the incidence of tumors nor the 
werage tumor age showed any consistent increase or decline. 

The incidence of mammary tumors in these Fs to F2; generations was some- 
hat less than the incidence of 38 per cent observed in generations F; to Fs. 
Jowever, the females of these later generations were not bred so intensively, 
aving an average of 3.9 litters compared with 4.5 litters for the females of 
nerations F; to F;. As discussed more fully later, this could account in 
art at. least for the percentage difference. 


Substrain CIH ff 


In order to gain additional evidence as to whether or not the mammary 
‘umor agent was involved in the appearance of the tumors in the females of 
ubstrain C3Hf, a second substrain was started by foster nursing a litter of 
C3Hf young on a strain C57BL female without the agent. This fostered 
litter contained 2 males and 2 females, removed by cesarean section from 
their C3Hf mother, who was in generation Fy. It was assumed that if the 
gent were involved and the original foster nursing had reduced it in amount 
or potency so as to reduce the incidence of tumors from 97 per cent in the 
strain C3H breeding females to 38 per cent in the breeding C3Hf females, 
1 second foster nursing should in turn significantly reduce the incidence of 
ammary tumors to some level below that in the substrain C3Hf. This 
second substrain was designated as C3Hff and was continued. through 
7 brother X sister generations. 

Mammary tumors occurring in substrain C3Hff are listed in TABLE 2. 
Although the 2 original foster-nursed females died without mammary 
tumors, the incidence of females with mammary tumors in succeeding gen- 


e TaBLE 2 
2 OccURRENCE OF MAMMARY TUMORS IN Breepinc C3Hff FEMALES 


j Number | Avg. Incidence of Avg. tumor | Avg. age females 
_ Generation of no. of | mammary tumors age died without tumor 
; females | litters | (percentage) (months) (months) 
er, Ba 5:5 0 = 17.5 
F, 24 4.6 21 16.0 15/2 
F3 18 5.3 28 19.8 Wf 
By 19 4.3 37 18.1 18.3 
x Fs 28 4.6 39 1320 19.4 
Fe 18 Kine) We 22.0 20.1 
Fy 9 pe 22 23.0 20.0 
4 Fizz 118 4.3 29 18.9 18.2 
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erations ranged from 21 to 39 per cent, with an incidence of 29 per cent 
the 118 females in all 7 generations. The average age at which the tum 
appeared varied from 16 months in generation F, to 23 months in generation 
F;, with an over-all average of 18.9 months. The average age at whic 
females of all 7 generations died without mammary tumors was 18.2 months 
This second foster nursing therefore did not result in a further reduction im 
tumor incidence, as might have been expected had the agent been present 
In fact, the incidence in the substrain C3Hff was somewhat higher than tha 
in the Fs to Fes generations of the substrain C3Hf, but this was probabl 
because the C3Hff females had more litters. The average number of litter. 
for the C3Hff females was 4.3, compared with 3.9 for the C3Hf females: 
The average tumor age for the C3Hff females was comparable with that 0 
the C3Hf females. j 

Since the occurrence of mammary tumors in the C3Hff substrain was noo 
significantly different from that in the C3Hf substrain, the C3Hff was not 
continued beyond the F; generation. 


Substrain C3Hf/2 ‘ 


In order to determine whether or not the incidence of tumors in subsea 
C3Hf was specific for this substrain or was what could be expected in other 
substrains originated in the same manner, another substrain, designated as 
C3Hf/2, was started. This substrain was begun in 1954, at which time the 
C3Hf substrain was in generations F2; and Fos. As with the starting of 
C3Hf, a litter consisting of 1 female and her male littermates was remov 
from the C3H mother by cesarean section and foster nursed on a C57BL 
female. Later this foster-nursed female was mated with 1 of her mal 

. littermates, and the substrain was continued by brother X sister inbreeding 
for 5 generations. : 
Mammary tumors occurring in the substrain C3Hf/2 females are listed in 
TABLE 3. A mammary tumor occurred in this original female when she 
was 15 months of age, and the incidence for all females of the 5 generations 
was 51 per cent, with an average tumor age of 20.2 months. Females without 
mammary tumors died at an average age of 22.8 months. This incidence 


TABLE 3 

OccuRRENCE OF MAMMARY Tumors IN BREEDING C3Hf/2 FEMALES 
. Number | Avg. Incidence of Avg. tumor | Avg. age icone 
Generation of no. of | mammary tumors age died without tumor 
females | litters (percentage) (months) (months) ; 
oo 22 
F, 1 6 100 15.0 — . 
F, 6 one 17 18.0 24.4 
F; 27 5.6 59 20.8 22.7 . 
Fy 23 6.1 52 20.3 21.5 
Fs 15 5.9 47 19.6 23.8 . 
Fis 72 5.8 51 20.2 22.8 | 
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is higher than that in the C3Hf or the C3Hff substrains, but this is probably 
due to the fact that the C3Hf/2 females lived a little longer and were bred 
more intensively than the C3Hf or C3Hff females. The average number of 
litters for the C3Hf/2 females was 5.8, compared with 4.3 for the C3Hff 
females and 3.9 for the C3Hf females of generations Fs to Fes. The incidence 
of C3Hf/2 females with mammary tumors was also higher than the 38 per 
cent incidence in the C3Hf females of generations F, to Fs, but these females 
had an average of 4.5 litters, which also was less than that for the C3Hf/2 
females. 
The C3Hf/2 substrain was not continued beyond the F; generation. 


Substrain C3Hf/An 


During this time H. B. Andervont was maintaining a line of strain C3H 
without the mammary tumor agent that had been started in a manner similar 
to the origin of substrain C3Hf, but in which he had observed only 3 per cent 
with mammary tumors. His line was related to ours in that our strain C3H 
mice had been derived from his strain C3H in 1941. In 1942 he started his 
agent-free line from his C3H colony, and in 1945 we started substrain C3Hf 
from a C3H female in the seventh generation of inbreeding subsequent to the 
origin of our strain C3H from his colony. In 1953, in order to make a better 
comparison between Andervont’s agent-free line and our substrain C3Hf, a 
litter containing 5 females and 2 males was obtained from his line in the Fo¢ 
generation of inbreeding, and from this litter a line designated as substrain 
C3Hf/An was started and continued in our animal room with the same care 
and breeding system as used with our other agent-free substrains. We 
continued the substrain C3Hf/An from the Fe5 generation through the F3; 
generation. 

Mammary tumors occurring in the C3Hf/An females are listed in TABLE 4. 
‘A mammary tumor occurred in one of the original 5 females at 12 months 
of age, and the incidence in the 96 females of generations F25 through F3; was 
27 per cent, with an average tumor age of 19.9 months. The females with- 


‘out mammary tumors died at an average age of 20.3 months. 
ty 


TABLE 4 

3 OccURRENCE OF Mammary Tumors In Breepinc C3Hf/An FEMALES 
; Number | Avg. Incidence of Avg. tumor Avg. age females 
Generation of no. of | mammary tumors age died without tumor 

females | litters (percentage) (months) (months) 
Le 

Fee 5 4.2 20 12.0 DES) 

Fo 7 4.0 14 20.0 17.0 

Fos 22 5.6 32 17.6 tified 

Fao 35 6.1 26 PRIA 20:5 

F0 23 6.0 30 21.0 21.9 

F31 4 Boe) 25 17.0 PY sl 

: Foe_a1 96 Sik 27 19.9 20.3 


es 
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Thus a relatively high incidence of mammary tumors occurred also in this 
agent-free substrain. The incidence was slightly higher than that in the 
substrain C3Hf females of generations Fg to Fes, but possibly not as much 
higher as might have been expected, since the C3Hf/An females had on the 
average 5.7 litters compared with only 3.9 for the C3Hf females. The 
C3Hf/2 females that compared closely with the C3Hf/An females in respect 
to number of litters had an incidence of mammary tumors significantly? 
higher than that of the C3Hf/An. This, however, could represent a genetic 
difference that may have occurred between the 2 lines. 

The incidence of mammary tumors in the substrain C3Hf/An under our: 
breeding system and care was higher than that published earlier by Andervont : 
for the original line.t_ This difference in incidence of tumors may have been | 
due to differences in the systems under which the two colonies were main- - 
tained. For instance, our females were fed Derwood pellets and his were: 
fed Purina Lab Chow. Probably more influential, however, was the differ- - 
ence in the system of breeding. While our females were placed with the} 
males at weaning time so that they bred as soon as they matured and con- : 
tinued to have litters as long as they remained fertile, Andervont did not | 
routinely mate his C3H mice during the winter months, and during the other 
months he routinely mated them at an older age. Another difference that | 
may have contributed to the incidence difference was that he routinely 
killed any remaining females at 24 months of age, whereas we have permitted 
the females of our substrains to live their normal span. 


Parent-Offspring Correlation 


We have concluded that the best test to determine whether a female mouse 
has the mammary tumor agent is the occurrence of mammary tumors in her 
susceptible female offspring and in the susceptible females of subsequent 
generations. Tests of filtrates of mammary tumors are reliable when the 
results are positive, but when the test females fail to get tumors, the results 
must be considered indecisive. However, when a pedigree chart is maintained 
for a susceptible line such as C3Hf, it is found that if a female receives the 
agent even in a small amount, as when introduced from the male with which 
she is mated, most of her female offspring will develop mammary tumors at an 
early age, and the later female descendants will segregate out in the pedigreé 
chart as a high-tumor line. 

Pedigree charts were maintained for all four of the substrains reported 
herein, and in none was there any evidence of high-tumor lines arising in 
descendants of females with tumors. The females with mammary tumors 
were scattered throughout all the charts. There was no evidence of an 
increase or decrease in incidence of tumors in succeeding generations in any 
of the substrains and no evidence of any lowering of the average tumor age. 

The data for each substrain were analyzed further in respect to parent- 
offspring correlation to ascertain whether or not more tumors occurred in 
females whose mothers later had tumors than in those whose mothers did 
not, as would be expected if the tumors in the mothers were the result of the 
agent. The results of this analysis are shown in TABLE 5. In substrain 
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TABLE 5 
OccURRENCE OF MAmMaARY Tumors IN FEMALE PROGENY OF 
TUMOR AND OF NONTUMOR FEMALES 


Progeny of mothers with tumors | Progeny of mothers without tumors 


Substrain 
Incidence of tumors Incidence of tumors 
Number (percentage) Number (percentage) 
C3Hf 162 22 577 22 
C3Hf/2 36 39 34 65 
C3Hf 19 26 73 29 
C3Hf/An 19 21 68 29 


. 


_ C3Hf the incidence of mammary tumors in the females whose mothers later 
“had tumors was the same as that in females whose mothers did not have 
tumors. In the C3Hf/2, C3Hff, and C3Hf/An substrains the incidences 
in the daughters of mothers without tumors was higher than that of daughters 
‘of mothers that later had tumors, although probably not significantly higher 
- except in substrain C3Hf/2. Explanation of this difference is not apparent. 
_ Thus, in this parent-offspring correlation analysis there is no evidence of the 
presence of the mammary tumor agent in the development of these tumors. 
_ The data of substrain C3Hf were next analyzed to see if there was any 
evidence of a building up of the agent in tumorous females of successive gen- 
erations. Since the highest number of successive females with tumors was 3, 
the incidences of mammary tumors were ascertained for females grouped 
_ according to whether all of their 3 immediate female ancestors in the direct 
maternal line of descent had tumors: 2 of the 3 had tumors, 1 of the 3 hada 
tumor, or none of the 3 had a tumor. Results of this analysis are shown in 

TABLE 6. There were 6 females whose 3 immediate female ancestors had 


TABLE 6 
Sol OccURRENCE OF Mammary Tumors In C3Hf FEMALES GROUPED 
a AccoRDING TO NUMBER OF ANCESTORS WITH TUMORS 


Mother, grandmother, and 
great grandmother in 


female line of descent Incidence of 
Number of mammary tumors 
. oe (percentage) 

ft No. with | No. without 
A tumor tumor 

3 0 6 0 

2 1 51 33 

1 2 160 20 

0 3 257 23 


t . 
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t 
tumors, and none of these 6 had a tumor. Mammary tumors occurred in 


33 per cent of the females with 2 of these 3 ancestors with tumors, in 20 per ' 
cent of those with 1 of these 3 ancestors with a tumor, and in 23 per cent of 
those with none of these 3 ancestors with a tumor. Thus, this analysis | 
failed to give any evidence of the presence of the agent, or its increase in 
succeeding tumorous females. 


Effect of Breeding 


The effect of having litters on influencing whether a female will have a 
mammary tumor has never been very pronounced in our strain C3H mice 
with the agent. With the high genetic influence and the agent present, the 
response is so high, being nearly 100 per cent in both breeders and virgins, 
that the only measurable difference is an increase of from 2 to 3 months in 
the average age of occurrence of tumors in the virgins over that in the 
breeders. However, by eliminating the agent the response is brought down 
to a level at which the effect of the breeding factor becomes more apparent. - 
In TABLE 7 is shown the incidence of mammary tumors in C3Hf females 


TABLE 7 
OccuURRENCE OF MAmMArRY Tumors IN C3Hf FEMALES GROUPED 7 
ACCORDING TO THE NUMBER OF LITTERS EAcH Hap 


Number | Number bee neinaas Avg. tumor | Avg. age females 
Seay # ise .P, tans = died without tumor 
(percentage) months) (months) 

0 100 2 2220 19.9 

1 68 13 2152 20.0 

2 127 18 20.2 18.6 

3 166 18 20.5 19.2 

4 198 24 20.3 17.8 

S 180 21 19.2 16.9 ‘ 

6 108 31 19.6 18.3 ; 

7 43 44 19.1 19.2 } 

8 9 33 21.0 11.8 : 
; 


grouped according to the number of litters each had, the highest nimieme 


being 8. To complete the series, a group of 100 C3Hf females maintained - 
as virgins and reported earlier® is also included. These data clearly show 
that, the more litters a C3Hf female has, the greater is her chance of develop- 
ing a mammary tumor. The incidences varied from a low of 2 per cent in” 
the virgins to a high of 44 per cent in those that had 7 litters. 


Classification of Mammary Tumors 


Three hundred and eleven of the mammary tumors occurring in these four 
substrains were tabulated according to the classification proposed by Dunn 
(TABLE 8).11_ This number is slightly more than the total number of females. 


= Heston: Mammary Tumors in Agent-Free Mice 939 


TABLE 8 
CLASSIFICATION OF MAMMARY TuMORS OCCURRING IN 
C3Hf, C3Hf, C3Hf/2, anp C3Hf/An Mice 


Type Number 
Adenocarcinoma type A............. 134 
Adenocarcinoma type B............. 117 
Adenocarcinoma type C............. 1 
AGEHOACANUNOM Asem .teshiey. seeps 39) 
CAarCiNOSALCGMAla acct es.cn6oy> ai.torer 6 

EL OtAl gery tar err chest ie' ss eae 311 


. 


with tumors, since a few had more than one. The adenocarcinomas, pre- 
‘dominantly of ascinar structure and classified as type A, were the most 
“numerous, and those in which the cells tended to be in sheets or in chords 
between cystic spaces, classified as type B, were next most numerous. The 
tumors in these two groups comprised 81 per cent of the total. In compari- 
son, practically all mammary tumors in our C3H females with the agent can 
be classified as adenocarcinomas of either type A or type B. 
_ Only one adenocarcinoma type C with small cysts lined with a single 
layer of cuboidal epithelial cells was found. This type has been found more 
often in F, hybrid females derived from outcrossing C3Hf to C5/Bl, and 
has also been observed in other hybrids. 

The adenoacanthomas with a mixture of glandular tumor tissue and epi- 
dermoid tissue comprised the third largest group and included 17 per cent 
of the total number. This type has often been observed in females without 
“the agent, although in these substrains it may not represent a direct effect 
of the absence of the agent, but rather the result of the condition of the 
mammary gland due to the advanced age of the females at the time the 
__tumors arose. 

Six of the tumors showed a blending of neoplastic epithelial cells and 
neoplastic spindle cells and were classified as carcinosarcomas. 


Other Tumors 


- Neoplasms other than those of the mammary gland occurring in the females 

of these agent-free substrains are listed in TABLE 9. The most frequently 
occurring tumors listed are the hepatomas, which were observed in 13 per 
cent of the C3Hf females, in 12 per cent of the C3Hff females, in 21 per cent 
of the C3Hf/2 females, and in 9 per cent of the C3Hf/An females. In sub- 
strain C3Hf, with the large number of females, the incidences in specific 
~ generations varied from none in generation Fi, to 37 per cent in generation 
F,;.. The usual pulmonary tumor of the mouse occurred in 5 per cent of 
the females of the C3Hf and C3Hff substrains, in 7 per cent of those of the 
ec 3Hi/ 2 substrain, and in 4 per cent of those of the C3Hf/An substrain. 


4 
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TABLE 9 
NumBer or FEMALES witH TumMorRs OTHER THAN MAMMARY GLAND TUMORS 


esha sa ny ea 


Subline C3Hf | C3Hff | C3Hf/2 | C3Hf/An 
Total number of females... -sicai ee eee 911 118 72 96 
epatomias..): 2 as hewss.dtaless 4 ones aera ee 117 14 15 9 
Pulmonary tumors. a. a. ah We ey os ee ee 41 6 5 4 
TUmOrs Of OVALYiseac0es ioe Cas oe Uo. eerie eee 41 8 10 
Neoplasms of reticular tissue..............-.---- 23 6 3 6 
Tumors of uterus, cervix, or vagina.............- 14 2 2 1 
Hemangioendotheliomas.............-...+-0++5: 19 1 5) 
Subcutaneous sarcowas.verian.2 fahren ears 17 3 1 3 | 
Squamous cell carcinoma of skin...............-- 4 J 
Squamous cell carcinoma of forestomach.......... 2 
Wclenomaromadrenal.r.. eee cs aee eae Oks ame 2 1 
Osteogenic Sarcomasee cides wie ck keto eae i 
Sarcoma anterior to kidneys. 1. ).G)g258. 55 see 1 
‘Tumoriot Harderian gland. 22... 4m seed cea 2 1 ; 

——— 


Tumors listed as tumors of the ovary occurred with about the same fre- 
quency as did the pulmonary tumors. These tumors of the ovary included 
tubular adenomas, granulosa cell tumors, and those showing a mixture of cell 
types. They did not include hemangioendotheliomas found in the ovaries 
of several females but listed with hemangioendotheliomas occurring elsewhere. 
The neoplasms listed as those of reticular tissue included lymphocytic 
neoplasms, Dunn’s!? reticulum cell neoplasms of type A and type B, and 
some borderline tumors between these types. The tumors of the uterus, 
cervix, and vagina were sarcomas except for 2 adenomas of the uterus, 2 
carcinomas of the uterus, and 1 carcinoma of the cervix. The other tumors 
occurring in these females are listed in TABLE 9. 
These tumors, like the mammary tumors, usually occurred in old females, 
generally above the average age for the substrain. Few females died at an 
early age, and the death of most of these was attributable to some cause 
other than a tumor. Aside from 13 mammary tumors that occurred in) 
females less than 1 year of age, other tumors occurring in females less than” 
1 year old included only 1 subcutaneous sarcoma, 1 reticulum cell neoplasm, 
and 1 squamous cell carcinoma of the forestomach. : 


Summary | 


, 


Tumors occurring in breeding females of 4 substrains of strain C3H mice 
deprived of the mammary tumor agent by foster nursing and designated as 
substrains C3Hf, C3Hff, C3Hf/2, and C3Hf/An are reported. Mammary 
gland tumors occurred in 22 per cent of the 911 C3Hf females at an average 
age of 20 months, in 29 per cent of the 118 C3Hff females at an average age 
of 19 months, in 51 per cent of the 72 C3H£/2 females at an average age of 
20 months, and in 27 per cent of the 96 C3Hf/An females at an average age 
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of 20 months. In comparison, mammary tumors have occurred in 97 per 
cent of our C3H breeding females at an average age of 7.8 months. 

The females with tumors in these 4 agent-free substrains were scattered 
throughout the pedigree charts, with no evidence of the segregation of high- 
tumor lines. Daughters of mothers that died without mammary tumors 
had an incidence of mammary tumors as high as or higher than those of 
mothers that later developed mammary tumors. Even as many as 3 suc- 
cessive females with mammary tumors in the immediate maternal ancestry 
of a female did not increase her chances of developing a mammary tumor. 

There was a positive correlation between the number of litters these 
C3Hf females produced and the incidence of mammary tumors. The inci- 
‘dences ranged from 2 per cent in virgin females to 44 per cent in females 
that had 7 litters each. 

_ It was concluded that the mammary tumors occurring in these substrains 
had arisen, in the absence of the mammary tumor agent, as a result of the 
high genetic susceptibility, the hormonal stimulation from breeding, and the 
advanced ages of the females. 

Of the 311 mammary tumors occurring in these agent-free females, 251 
“were adenocarcinomas of either type A or type B (the types characteristic 
“of mammary tumors in strain C3H females with the agent); 1 was classi- 
‘fied as adenocarcinoma type C; 53 were adenoacanthomas; and 6 were 
‘carcinosarcomas. 

_ Tumors other than those of the mammary gland occurring in these agent- 
free females are listed. 
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GENETIC CONCEPTS IN MAMMARY CANCER IN MICE* 


By John J. Bittner 


Division of Cancer Biology, Department of Pathology, 
University of Minnesota Medical School, Minneapolis, Minn. 


In considering the various aspects of spontaneous mammary cancer in 
mice, one must be aware of, and constantly keep in mind, the interaction of 
Il the causative factors responsible for the development of the disease(s). 
lost investigators who have been concerned with the etiology of mammary 
cancer in mice and have used several inbred strains and hybrids in their 
tudies are of the opinion that there may be more than one “type” of mam- 
mary cancer, with perhaps different inciting causes. 

In presenting this material it would be possible to review experiments in 
chronological order, but this would not specify some of the enigmas and pit- 
falls that may confront the investigator and make the interpretation of the 
xperimental data most difficult. Should any particular question arise, an 
attempt will be made to consider all pertinent data, rather than to refer to 
selected observations. 

- Many general papers have been published on mammary cancer in 
mice. ®? 37, 40, 50, 71, 74, 83, 86, 105, 109, 113, 121, 132 

In 1939 it was suggested that several causative factors interacted in the 
development of the usual type of spontaneous mammary cancer in mice, 
which are:?7-78 

- The milk-borne nursing influence with the properties of an infectious agent 
or virus, now known as the mammary agent (MTA); the inherited suscepti- 
bility for spontaneous mammary cancer; and hormonal stimulation of the 
mammary glands. 

- The role of the hormones in the development of mammary cancer in mice 
had been established from the early investigations of several workers.'* 
The so-called maternal or extrachromosomal influence was noted following 
reciprocal crosses between animals of strains having high and low incidences, 
and where it was observed that the F; females with mothers from the can- 
cerous strains had high incidences, while the F; hybrids with mothers from 
the low cancerous strains had low incidences of mammary tumors.®”: 1° 

_ The genetic basis for any inherited character is the percentage of individuals 
showing the condition in the various generations where segregation takes 
place. Thus, when one investigates a disease that appears late in life as 
cancer, it becomes of the utmost importance to have the experimental ani- 
mals survive to give the highest possible incidence. Furthermore, extrinsic 
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Minneapolis, Minn.; the National Cancer Institute, Public Health Service, Bethesda, Md.; 
the Minnesota Division of the American Cancer Society, Inc., Minneapolis, Minn.; the 
American Cancer Society, Inc., New York, N. Y., upon recommendation of the Committee 
on Growth of the National Research Council, Washington, D. C.; the Elsa U. Pardee 
Fountain, Midland, Mich.; and the Graduate School Cancer Research Fund of the 
University of Minnesota. 
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4 
factors have been demonstrated to modify the action of some etiological 
factor(s) and consequently the incidence. These environmental conditions 
could modify any genetic interpretation of the data. ; 

In 193622 ® the maternal influence was found by foster nursing to be 
transferred in the milk of females of cancerous stocks, and subsequent. 
studies demonstrated that it had the characteristics of an infectious agent or 
virus. In these and other experiments, it was known by 1939 that hybrid! 
progeny born to females from a strain with a low incidence of mammary 
cancer, but nursed by females of a cancerous stock, had similar incidence 
and average cancer ages as did the Fi offspring born to, and nursed by,’ 
mothers of the cancerous strain.?*?9 Cytoplasmic transmission of the mater— 
nal influence had been suggested ®* 197-198, 29 and in 19427° an intrauterine 
influence was thought to be of importance. No conclusive data have beens 
obtained to support these theories.” ° | 

The important role played by the genetic susceptibility became evident as: 
soon as the reciprocal F, hybrids were nursed by lactating females of thet 
parental strains having extreme incidences of mammary cancer. With this: 
technique, the incidences normally observed in breeding F; hybrids could be: 
reversed.2”-22 Other inherited factors also must be given due consideration, 
especially inherited hormonal patterns, for not only may one be responsible: 
for the induction of the disease in virgin females of susceptible stocks with the 
MTA, *-! 88 but another may inhibit or delay the time of development of 
mammary cancer in breeding females.*” \ 

It also was reported that when reciprocal crosses were made between ani- 
mals of cancerous strains with high incidences, the first generation progeny 
might not have similar incidences and average cancer ages, even when they 
were subjected to breeding.?? Thus, in hybrids where the other etiological 
causes were assumed to be the same, the milk-borne maternal influence from 
different cancerous strains need not have the same tumor-inducing activities. 

Between 1934 and 1936, data from several crosses were reported when 
females of the cancerous dilute brown stock were mated with males of other 
strains. 7} 

Little!* found that the nonyellow offspring derived by crossing dilute 
brown females with males of the yellow stock had a higher incidence of 
mammary tumors than did the yellow progeny. The difference extended t 
animals of the F. generation, and it was concluded that the lower inciden 
in the yellow mice resulted from a reduced hormonal stimulation of t ( 
mammary glands, since the yellow mice had a shorter breeding serial 
Although the incidence of tumors was lower in yellow F, hybrids (39 pet 
cent) than in nonyellow (65 per cent), the tumors appeared earlier in the 
former; the incidence in nonyellow hybrids was higher than was found it 
breeders of the maternal stock. 

Some physiological effects of the yellow gene now are known to be con 
cerned with an increased food intake, causing obesity and eventually ste 
rility,°8 and these effects would account for the difference in the developmen‘ 
of mammary cancer in the hybrids considered above. . 

The outcross between males of the Zavadskaia brachyuric and females o 


. 
‘ 
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the dilute brown strains produced F, females that showed an incidence in 
virgins of 77 per cent, higher than was found in breeders of the maternal 
stock. ‘The increased incidence in the F; progeny was tentatively explained 
by Cloudman and Little™ as resulting from hybrid vigor, with the extra- 
chromosomal influence considered as the primary causative factor. 
__Green® made reciprocal crosses between animals of Mus bactrianus and the 
dilute brown stocks, and continued the F,; females as breeders. The inci- 
dences in the two groups were 68 per cent and 7 per cent, with the higher 
incidence being found in hybrids having mothers from the cancerous stock. 
A more extensive reciprocal cross was conducted by Murray and Little®” 
8-130 between mice of the dilute brown and C57 black stocks, where the 
incidences in the F, virgin females were found to be 40 and 6 per cent. These 
‘data will be given consideration below. 
A summary of these studies showed that when females of the same can- 
Cerous stock were outcrossed with males of different strains, similar incidences 
and average cancer ages were not observed in the F; progeny, whether they 
were kept as virgins or breeders. These data would confirm those observed 
for a cross between two cancerous strains.” 
_ The three-factor theory for the development of mammary cancer was 
advanced in 1939228 after virgin and breeding females of the cancerous A 
and low cancerous C57 black or B stocks and their reciprocal hybrids had 
‘been observed, and after females of several groups had been fostered by 
females of the two inbred strains. In this study it was possible to compare 
the incidences of mammary cancer in females subjected to different levels 
of hormonal stimulation and where some animals had and others were free 
of the mammary tumor agent. Data were obtained in mice of the hybrid 
‘generations on the segregation of genes that controlled the susceptibility 
for spontaneous mammary cancer. A limited number of mothers was used 
_to secure the hybrids of each generation, and as many progeny as possible 
“were obtained from each female. This gave information on the possible 
effect that the age of the mothers and the litters in which the young were 
p born had on the subsequent development of mammary cancer. These data 


- 


“have been reported in several publications,?”-?% 82-87 starting in 1937.% 

_ A summary of these observations is given in TABLE 1. Because virgin 
females of the A stock and the hybrids of the A X B (C57 black) cross had 
low incidences of mammary tumors, whether they had or were free of the 
_MTA,?"-?® only breeders have been tabulated in TaBLeE 1. Also, breeders 
- without the agent were found to have low incidences, and they have not been 
included, since at this time the data would not contribute to our knowledge 
concerning the nature of inherited factors for mammary cancer. For 
example, among nearly 2400 breeders of the agent-free but susceptible Ax 
and Zb stocks and their reciprocal F, hybrids, the incidence of mammary 
cancer was 0.3 per cent (43), an incidence similar to that observed among 
570 breeding females of the C57 black stock by Little, Murray, and Cloud- 
man,!" or 0.5 per cent. 

Data showing that one of the susceptibility genes transmitted by the A 
stock probably was linked with the gene-producing brown coat color are 
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presented in TABLE 2. Although the observations in the hybrid generations ; 
could be interpreted on the basis that the inherited susceptibility was trans-- 
mitted as a single dominant, it was concluded that multiple factors were? 
involved and that one of these was probably linked with the brown gene.* 


To illustrate further the difficulty of interpreting the observations obtained 
in various experiments, it may be of interest to compare the data obtained 


TABLE 1* 
DEVELOPMENT OF MAMMARY CANCER IN BREEDING FEMALES OF THE A AND B 
(C57 Brack) Stocks PossESSING THE Mammary Tumor AGENTT 


Av. age in days 


Stock a No... | Cancer = aon ; 
generation ’ 
Cancer | Nonca. ; 
j 
CA cee avon ad, BR oP vere nas Jeeeray ANE Wags sere es 972 95% 286 426 
BiCCST black) imyeethccga ete cle ete ae 98 18% 420 518 : 
ABE (AIO BG ieee ins ese seat 123 94% 336 369 : 
BAR: (BiQU Aoi eet otheteecsres « 111 90% 346 568 ¢ 
TOTP ae ce ee ae ee a Re are 234 92% 341 490 
ABESS. oc hohe reer ca tea mac PA UCL 11% 397 535 
BA ees ie, Me ae ce ees be ere geeiaer 114 69% 452 632 ; 
AWSENR SR ced Pater in uo ee Re Ae ok 391 15% 412 570 i] 
CBR Ree i RUUD ETE I eee, 339 | 67% | 378 | 545 q 
BAN Ss eo Softee Tee cee ean eee eee 278 66% 388 577 j 
ORAL. Epes sci uteri eae eee re ee we ofr Mh hora 617 67% 383 559 { 
Cancerous Fz mothers..............- 508 71% 380 557 { 
INGnCAar batimOLDerssn scsi cise ian 109 46% 401 565 : 
ABF, — BBC (ABFi2 X Bo’)........ 311 | 60% | 426 | 626 
i 
ABF, — BBC (ABF22 X Ba)........ 283 51% 437 679 N 
Cancerous F; mothers............... 223 63% 435 637 i 
Noncar MeriNOtnerserci. diss ds os 8 oa 60 5% 480 715 : 
: 
Reproduced by permission from Cancer Research.*® 4 
+ F; hybrids either nursed their maternal A mothers (ABF;) or the BAF, hybrids were 


fostered by females of the A stock; the F2 progeny nursed their mothers, etc. 


in three different laboratories when mice descended from the same inbr. 
strains were used to produce hybrids and when only virgin females were 
observed (TABLE 3). 
In virgin females of the cancerous dilute brown stock, the incidences 
reported were 51 per cent,!28-89 62 per cent,!27 and 85 per cent, and for 
those fostered by females of the low cancerous C57 black stock, 9 per cent'*® 
and 23 per cent.!27 Nonbreeders of the C57 black stock remained non- 
cancerous when nursed by their mothers,”*1* 138 yet mammary tumors 
developed in 9 per cent!” and 13 per cent!88 of the C57 black females nursed 


by females of the dilute brown stock and kept as virgins. 
. 
| 
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In the F, females resulting from the cross between females of the dilute 
brown and males of the C57 black stocks, Murray and Little’?*° observed 
an incidence of 40 per cent compared with the incidence of 69 per cent reported 
by Van Gulik and Korteweg;!** this was reduced to 4 per cent by permit- 
ting the hybrids born to the high cancerous females to be nursed by C57 
black females.** Comparable hybrids were not observed by Murray and 
Little!?*18° and Murray.!”” 

: TaBLE 2* 

MamMAry CANCER IN THE F; Hyprips AND Bacxkcross (F292 X Bo") 
Hysrips To THE Low CANCER Stock, DEPENDING UPON CoaT COLOR, IN 


THE Cross BETWEEN ANIMALS OF THE CANCEROUS A AND Low 
Cancerous B, or C57 Brack Stocks 


= 


Mammary cancer in breeding F2 hybrids of the A X B cross with the MTA © 


Color No. Cancer Difference between incidences 
BOTOW GS ccs Sis ss 84 88% | Br. and Blk. = 19.2% + 5.6 or 3.4 X S.E. 
Blacker s.at,. 5 hee 209 69% | Br. and Al. = 11.6% + 5.7 or 2.0 X S.E. 
PU DITO! sack) osee a 98 77% | Al. and Blk. = 7.6% + 5.5 or 1.2 X S.E. 
intalieeons coal, OL 15% 


/ Mammary cancer in ABF2-BBC hybrids (ABF2@ X B<) and coat color of Fz mothers 


Ca. F2 mothers Nonca. F2 mothers | Total BBC progeny 


ABF, 
mothers 
No. Cancer No. Cancer No. Cancer 
Browi 1%: +. 110 68% 0 — 110 68% 
meee lack. ........ Sy 60% 40 0% 97 35% 
; 7e\ oy bso eee 56 55% 20 15% 76 45% 
be Motalett ceo 223 63% 60 5% 283 51% 


aft 
* Reproduced by permission from Cancer Research,% %: % 3 of 


Low incidences were found in all crosses for the F; females that had mothers 
from the low cancerous C57 black stock, yet when these F; hybrids were 
‘nursed by females of the cancerous stock, Murray!?’ observed an incidence 
of 65 per cent, contrasted with an incidence of 46 per cent in another study. 
-BdF; hybrids nursed by females of the cancerous dilute brown (d) stock 
‘were not maintained by Murray and Little.”**° 

Murray and Little concluded from their observations that the extra- 
hromosomal influence was either six!”* or ten*° times more important than 
‘any chromosomal contribution in the genesis of mammary cancer in mice 
# that “the tendency to have mammary cancer is not Mendelian in 
nature.”’43° As no reference was made to the reports concerning the nursing 
fluence2%-28 6° or to the theory on the interaction of the three causative 


ctors?’-28 that appeared prior to their 1939 paper,!*° it must be assumed 
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that they still were of the opinion that the maternal or extrachromosomal | 
influence was cytoplasmic in origin.!7-1% 2° Van Gulik and Korteweg8 
discussed the role of the influence of the milk, genetic, plasma and/or uterus § 
factors in the development of mammary cancer in mice. In a later papet,, 
Murray!’ stated that the ratios in which mammary cancer occurred in the} 
various strains could be explained upon the basis of “the strength of the: 


TABLE 3* ‘ 
Mammary CANCER DEVELOPMENT IN VIRGIN FEMALES OF THE DILUTE BROWN ~ 
AND C57 Brack Stocks AND THEIR REcrPROCAL F; Hyprrps WHEN NURSED ) 
BY FEMALES OF THE PARENTAL STRAINS AND OBSERVED IN 
DIFFERENT LABORATORIES 


Nursed by dilute | Nursed by C57_— 


brown females black females © 

Investigation Stock or hybrid e 
| 
No. | Cancer| No. | Cancer 

ee 
Murray and Little!2*13,.... Dilute brown 297 51% — — 9 
Van Gulik and Korteweg!*8. .| Dilute brown 168 85% 110 9% 
Mian a yt eee. et ees tees Dilute brown 445 62% 108 23% & 
' 
Murray and Little!2*180,....| C57 black —_ —_ ? 0% 
Van Gulik and Korteweg?*8. .| C57 black 67 13% 194 0% 

Murra yi2te | ature hei C57 black 98 9% —_— — 

Murray and Little128-130,, |... dBF, (dbaQ X Bo) 113 40% — — a 
Van Gulik and Korteweg!’. .| dBFi 335 69% 47 4% : 
Mirra stat Mitee son eee dBF, _— — — — : 
Murray and Little!28130,. , ., BdFi (BQ X dbac) —_ —_ 379 6% ~ 
Van Gulik and Korteweg!5’. .| BdF; 42 46% 722 2% 4% 
NEU rrav eee «(cul sa tie eas BdF, 93 65% = 8 


Mena 


* Reproduced by permission from Cancer Research.127, 128, 138 . 


milk stimulus which the mice receive and the resistance of the ae 
systems produced by the matings to various concentrations of the mil 
stimulus.” 

As discussed above, the MTA transferred by females of different cancerou 
strains may not have the same tumor-inducing activity in mice with the same 
genetic constitution,” yet when reciprocal F; hybrids were nursed by females 
of the same inbred cancerous stock, they showed similar incidences and 
average cancer ages.?/-?% 32, 85-37 This also demonstrated that the hybrids 
that had mothers from the low cancerous strain had the same eee 


for the development of spontaneous mammary cancer when they possessed 
all the causative factors as did hybrids born to, and nursed by, mothers of 
the strain with a high incidence of tumors. A summary of experiments in 
which females of one strain were mated with males of different stocks showed 
that in these experiments the hybrids did not have the same incidences and 


ee 
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average cancer ages.”> Similar results have been reported by Andervont,' 
Murray,!?° Warner e¢ al.,8° and Murray and Warner.'*! In one study™? 
when males of one stock were mated with females of different sublines of a 
‘cancerous stock to produce F, hybrids, the incidences in the progeny differed 
by as much as 15 to 76 per cent, depending upon the line to which the mothers 
belonged. The data obtained from the cross between cancerous animals of 
the A and C3H strains were influenced, not only by the subline, but by the 
time when the mice were observed.*® 4% 5% 61, 88 

Differences in the activity of the mammary tumor agents transferred by 
mice of either sublines of the same or different cancerous stocks, together 
‘with variations in the genetic constitutions of the mice of the separate sub- 
lines of the same stock, would account for some of the data presented in the 
various tables. 


. 


TABLE 4 
Mammary TumMoR IN FEMALES OF SEVERAL INBRED STRAINS AND THEIR 
i RecrerocaL F, FEMALES WHEN MAINTAINED AS VIRGINS 


Stock No. | Cancer | Age Stock No. | Cancer | Age 

aA 111 4% | 450 Di 50 | 66% | 459 
_ -2(C3H) 153.1 66%- 404 | De 88 | 59% | 504 
P AQZIF: 121 | 89% | 468 | Z9AGFi 80 | 76% | 545 
A ODsc'F, 99 | 72% | 555 ZODsoFi 111 | 96% | 358 
ASDF Gio 75% el. 532 Z9Dec'Fi 106 °| 94% |, 351 
iD, 9Ac'F; 29 | 38% | 598 D29ATFi 45 | 24% | 680 
D;,9Z7F: 50 | 90% | 485 D:9Zc7Fi 33 | 84% | 533 
D9 Die eay 8) 675%. "546 Do 9 DsoFi 75° | 60% | 524 
AQIPF: BO 2%, i 67 Z9IGFi 32 | 99% | 324 


~ Observations are presented in TABLE 4 for several reciprocal crosses where 
the F, females were maintained as virgins. 
~ The susceptibility or resistance of animals of inbred strains or hybrid 
‘generations to the development of mammary cancer may be determined 
only after observation of females that have been subjected to, or possess, all 
‘the known causative factors responsible for the disease. This involves having 
them nurse females of strains with high incidences and known to possess the 
ma A222 With this technique we propose to test, as described by Little,!°° 
for the genetic constitution while altering other factors such as hormonal 
level or other physiological variables. Unfortunately, some strains were 
‘classified” as to their susceptibility or nonsusceptibility before they had 
been adequately tested, and so the terms tumorous or nontumorous stocks 
ave become synonymous with susceptible or nonsusceptible animals. 
One susceptible strain may be low cancerous because of the absence of the 
agent, another may be low cancerous because the mice are nonsusceptible, 
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while a third, susceptible and with the agent, may be low cancerous because 
of a lack of hormonal stimulation. q 
Soon after the maternal influence for mammary cancer in mice became} 
known, Bagg!” reported that excessive breeding, with the prevention of f 
nursing, would induce mammary cancer in females of the C57 black stock. . 
He referred to this method of breeding as the functional test, or force breed- - 
ing. Little and Pearsons!” could not confirm these observations. 
Bagg also stated that the C57 black females that developed mammary ’ 
cancer had been raised by foster mothers!’ and, as determined by personal | 
communication,®* no record had been kept concerning the ancestry of the: 
foster mothers, as to whether, for example, they possessed the mammary ' 
tumor agent. It seems probable that in order to increase the number of ' 
animals available for his investigations, Bagg resorted to foster nursing } 
instead of destroying the young and using only C57 black mice nursed by ' 
their C57 black mothers. By 1939,!® Bagg found that normal breeding, . 
with nursing, was as effective as force breeding in the genesis of tumors. | 
He determined” that 47 females of his low C57 black subline remained non- - 
cancerous after being subjected to the functional test, but when 18 females | 
of the same subline were nursed by females of the cancerous C3H stock and | 
presumably continued as normal breeders, when the report was submitted - 
50 per cent had developed mammary cancer and 33 per cent were still living. 
Andervont! found that while the descendants of the animals obtained 
from Bagg had a low incidence of mammary cancer, mammary cancer devel- 
oped in 63 per cent of the C57 black females that had been fostered by females 
of his cancerous C3H stock. 4 
Selected data obtained by various investigators for C57 black females that 
had been fostered by females of cancerous strains are recorded in TABLE 5. 


TABLE 5 
SELECTED MAMMARY CANCER OBSERVATIONS IN C57 BLack FEMALES FOSTERED BY — 
FEMALES OF CANCEROUS STOCKS AND, IN SOME CASES, THEIR PROGENY 


Av. age 1 


Fostered by No. | Cancer (months) Source 
pee Sie 

Strain UNG 5: 0 eee a ee 8 38% 14.1 Bittner, 193724 
Strain COT PE es crete 14 14% 5.7 Andervont, 19402 
Strain AIR RO ee ANE 104 11% 13.52 Bittner, 1940?9 : 
Strain LO Biiaembstv etree Ye 67* | 13% — Van Gulik and Korteweg, 1940138 
Ure Oba ant & oo oar 98* 9% = Murray, 1941127 
Bian UGB mas oicuts vets 10¢ | 50% — 3 ke ! 

and their descendants..| 93 73% — Pekete.and tattle, 2008 } 
GERBIL 4022.4 th. 351 1963%' |» 14:7” VAndervont, 19434 : 
BEPAU AMS Sse aa jetted 98 18% 13.0 | Bittner, 194435 : 
SUPAMAR Loree ays we Races 92 76% 15.8 

and their descendants. .| 100 69% 13.24 Hasgensen ond: Renda 
Sores O58 Oe oan pe es 50 0% — Andervont and Dunn, 19481° 


* All maintained as breeders except two groups maintained as virgins. 
t One group descended from transferred ova. ! 
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Animals free of the MTA have not been included since only an occasional 
tumor will be found,!"! comparable in incidence to that found in most agent- 
free susceptible strains.** 7 48 
In only one study, completed by Andervont and Dunn,” did breeders of 
the C57 black stock fail to have mammary tumors when they had the MTA. 
Two females of another fostered litter died noncancerous, but 1 of 9 of the 
C57 black progeny had the disease. Because of the low incidence, a few 
mice were obtained from Andervont, and this subline of the C57 black stock 
has been maintained in our colony for several years. In 1 litter of 3 C57 
black females nursed by a member of our Z(C3H) cancerous stock, mammary 
‘tumors developed in 3 of their progeny at an average age of 408 days, an 
incidence of 20 per cent.®® Cancerous females have not been observed in 
other fostered litters and their C57 black descendants of this subline. 
- In ather experiments where females of the C3H cancerous stock were used 
as the foster mothers of C57 black mice obtained from different sources, 
-Andervont2 4+ observed incidences of 14 per cent and 63 per cent. When 
females of the cancerous RIII stock were the nursing females, Haagensen 
and Randall* found that 76 per cent of the C57 black females of the fostered 
_generation and 69 per cent of their progeny had mammary cancer. 
Fekete and Little’® transferred fertilized C57 black ova to the uteri of 
females of the dilute brown cancerous stock. Of the C57 black females 
which had progeny after nursing their dilute brown “mothers,” from whom 
‘they would obtain the MTA, 50 per cent had mammary cancer (the few 
‘which did not have offspring remained noncancerous). The progeny and 
‘descendants of transferred-ova C57 black females were continued for three 
‘generations; although these black mice developed in the uteri of C57 black 
mothers, nevertheless 73 per cent developed mammary tumors. No bio- 
logical assay was made to determine the propagation and transmission of the 
“mammary tumor agent in the study. 

The following citations concerning the history of the C57 stock may offer 
some explanation why some workers found a high incidence of mammary 
“tumors in some groups while others did not (TABLE 5). 
~ Little and Bagg! obtained black mice that gave rise to the C57 black 
_ stock from Miss Lathrop, but the offspring of these animals were heterozygous 
for several coat color genes. Pedigree charts given by Little and Bagg?! and 
Murray" showed that the C57 black and C57 brown sublines had a common 
ancestry, descended from the original pair of black animals, No. 572 X No. 

520’. In 1925, when the C57 brown line came under the supervision of 

J. M. Murray, it had been continued for eleven generations but, as late 
_as the fourteenth generation, matings were made between animals of sub- 
lines that had been separated for several generations. 
In 1939 Little, Murray, and Cloudman!"! reported on the occurrence of 
“nonepithelial tumors in mice of the C57 black stock and tabulated the tumors 
according to the subline to which the mice belonged. Of the several lines 
included, only two animals of one line were cancerous, while 76 of another 
line died of tumors. Three mammary tumors were observed among the 
2057 black breeders, an incidence of 0.5 per cent. These sublines within the 


SOS 
\ 


; 
; 
4 
C57 black stock traced back to single pairs brought from Ann Arbor, Mich, 
to the Jackson Memorial Laboratory, Bar Harbor, Me., in 1929.14 
The observations on the development of mammary cancer in C57 blacks 
mice that carried the agent and were used as breeders would support the : 
conclusion that animals of the C57 black stock became known as being rela- - 
tively resistant or nonsusceptible for the disease before they had been ade- - 
quately tested. The material presented in TABLE 5 would demonstrate that : 
mice of some sublines of the C57 black stock, with incidences in excess of! 
60 per cent,* 18 1%. 75 81 should be considered as ‘“‘susceptible” for the develop- : 
ment of mammary cancer as are members of some so-called cancerous- : 
susceptible stocks. In addition, these data would support the observations | 
made by Little, Murray, and Cloudman" to the effect that, just as there | 
were sublines within the C57 black stock that differed in their susceptibilities . 
for the development of nonepithelial tumors, so do these lines differ in their 
susceptibilities for spontaneous mammary cancer. This became evident 
only after the mice had been observed as breeders and they had obtained the | 
MTA by nursing females of cancerous strains. 
The dilute brown stock was separated into sublines about 19271 and it 
has been found that tumors that develop in mice of one line may not grow 
progressively when transplanted in members of other lines.*® ® 1° While 
genetic differences would be involved, they may or may not influence the 
factors that determine the development of spontaneous mammary cancer,“® 
although the controls for any study should be representatives of the same 
subline. Likewise, mice from several lines should not be tabulated together 
to give a larger number of individuals. q 
Representative data for the development of mammary tumors in the dilute 
brown stock are recorded in TABLE 6. ; 
As with the C57 black stock, the influence of force breeding has not been’ 
definitely established for the dilute brown stock, either for mice with or with- 
out the agent. Miuhlbock!”” 1°? presented evidence that force breeding 
increased the incidence and caused the tumors to appear earlier, yet virgin: 
dilute brown females observed in another series!!® showed an earlier cancer 
age and higher incidence than did females that cast two litters and were not 
permitted to nurse their progeny. In this laboratory the functional test of 
Bagg, or force breeding, neither increased the incidence nor accelerated the, 
time of development of cancer in females of three cancerous sublines.” . 
_ Between 1946 and 1951 the incidence of mammary tumors remained rela-_ 
tively constant in breeders of the Dg subline but, after another group of Ds 
mice had been nursed by a female of the cancerous Z(C3H) stock, these 
fostered females and their descendants of the three succeeding generations 
had higher incidences than did the unfostered dilute brown mice (TABLE 6, 
unpublished data). Only a difference of ten days was seen between the 
average cancer ages in the breeders and virgins of the fostered group of Dg 
females with the MTA of the Z stock, and 88 per cent of the nonbreeders 
died cancerous. 
With the exception of those observed by Miihlbock ef al.,!2 low incidences 
have been observed for agent-free females of the dilute brown stock when they 
q 
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TABLE 6 
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OBSERVATIONS MADE BY DIFFERENT INVESTIGATORS ON THE DEVELOPMENT OF 
Mammary CANCER IN FEMALES OF THE CANCEROUS DILUTE BROWN STOCK 


“Subline Observed as 


ay Breeders 
= Virgins 

? Breeders 
ae Virgins 

c Breeders 
Virgins 
Virgins 
Virgins 
Breeders 
Breeders 
Breeders 
Breeders 
Breeders 
Virgins 
Breeders 
Fr. breed. 
Virgins 
Breeders 
Fr. breed. 
Virgins 
Breeders 
Fr. breed 
Breeders 
Breeders 
Virgins 
Fr. Br., 2 lit. 
Fr. Br., 3+ lit. 
Virgins 
Breeders 
Virgins 
Breeders 
Fr. breed. 
Fr. breed. 
Breeders 
Breeders 
Breeders 
Breeders 
Breeders 
| Breeders 
Virgins 
Breeders 


Lip sea 


No. | Cancer | Ca. age Investigation 
479 717% 10.5 mo. | Murray, 192814 
207 12% 15.8 mo. 
2200 59% 10.6 mo. | Murray, 1934125 
297 | 51% ? Murray and Little, 1935128 
80 | 76% | 12.7 mo. | Korteweg, 19361° 
197 | 72% 13.4 mo. 
168 | 85% ? Van Gulik and Korteweg, 1940158 
445 62% ie Murray, 1941127 
19 63% 418 days | Burrows, 1941% 
132 58% | 498 days 
134 | 57% | 441 days 
92 | 57% | 442 days 
69 10% 439 days 
45 | 51% | 504 days | Bittner, 1948*° 
50 | 82% | 366 days 
24| 67% | 451 days 
88 | 59% | 504 days | Bittner 
134 | 69% | 387 days 
34 | 56% | 403 days 
50 | 66% | 459 days | Bittner 
62 | 77% | 405 days 
19 | 63% | 399 days 
? 43% | 15 mo. Andervont and Dunn, 194814 
60 | 38% | 11.7 mo. | Hummel and Little, 1949% 
86 59% 546 days | Miihlbock, 19501" 
48 | 62% | 477 days 
69 97% 382 days 
145 | 70% | 450 days | Miihlbock, 195148 
198 | 69% | 417 days 
86 | 59% | 546 days | Mihlbock e¢ al., 1952! 
151 | 68% | 408 days | (3 or more litters, av. of 6) 
48 | 62% | 477 days | (av. 2 litters) 
69 | 97% | 382 days | (av. 7 litters) 
141 | 72% | 356 days | Chai and Russell, 1956% 
183 | 56% | 401 days 
193 | 65% | 390 days 
517 | 64% | 383 days 
165 | 76%, | 386 days | Bittner (unpublished) 
186 | 77% | 459 days 
51 | 88% | 435 days | Bittner (unpublished) 
54 | 93% | 425 days 


were used as breeders.1* 10% 122 
“Miihlbock ef al.,! the slight variation found between normal and force 


Because of the subline differences found by 


_preeders could have resulted from including unequal numbers of mice from 


the various lines in the two groups. 
a Several reports have been made upon the development of mammary cancer 
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in dilute brown mice descended from transferred ova.® 7% °% Fekete and 
Little’® observed an incidence of 12 per cent among the descendants, while in, 
those continued by Hummel and Little®* only 3 per cent of the descendants 
continued for 25 generations had cancer. It previously was pointed out® | 
that 23 per cent of the descendants of 6 transferred-ova dilute brown females | 
had mammary cancer in the group studied by Fekete and Little,’ while the 
descendants of 13 other transferred-ova mothers remained noncancerous, 
This difference probably was significant, and tumors were not assayed for | 
the MTA. : 
Representatives of the C3H stock!*” have been observed in many experi- 
ments, and representative data on mammary cancer are tabulated in TABLE 
7. Again, subline differences have been encountered.* *” 
Mice of the Heston C3H line®? were separated from the Andervont C3H — 
colony in 1941; whereas Andervont and Dunn" observed an incidence of 
only 4 per cent in agent-free breeders, Heston ef al.*? found mammary cancer 
TABLE 7 ; 
OBSERVATIONS ON THE DEVELOPMENT OF MAMMARY CANCER IN FEMALES OF THE ~ 
Cancerous C3H Stock, TABULATED BY SUBLINES: ANDERVONT (HBA), 


Heston (WEH), AND BrirTNeR (JJB). AvERAGE CANCER AGES t 
IN Days i 
Subline | Observed as | No. | Cancer Ca. age Investigation : 
i 
HBA Breeders 1588 | 91% | 258 | Andervont, 19413 } 
Virgins 350| 97% | 312 4 
HBA Breeders 1553 | 92% 243 | Andervont, 19496 
Virgins 346 | 93% 339 (Fes—F 46) 
WEH Breeders 419 | 97% | 234 | Heston et al., 1950% : 
Virgins 46 | 100% 318 : 
WEH Breeders 155 | 93% 255 | Boot and Miihlbock, 1956%4 ; 
Fr. Breed. 28 82% 209 
Virgins 117 | 79% 305 4 
HBA Breeders 136 | 91% 228 =| Bittner, 195652 : 
Virgins 112 93% 348 
JJB Breeders 200 | 78% 321 | Bittner, 193520 
JJB Breeders 227 | 89% 336 | Fes—Fso, Bittner, 194334 
Breeders 164 | 90% 303 F37—-F44 ; 
Breeders 214 | 97% 267) | Fas—Fsi ; 
JJB Breeders 224 | 95% 273 | Fs2—Fs7, Bittner and Huseby, 194659 
Virgins 92| 63% | 399 : 
JJB Breeders 54 | 94% 272 | Bittner, 194849 
Fr. Breed. 30 | 80%} 310 { 
Breed. 87 | 93%] 270 | 
Nursed 12 days} 47 | 74% 263 
Fr. Breed. 48 81% 234 
JJB Breeders 599 | 97% 272 =| Bittner, 195652 
Virgins 54 |. 87% 386 
JIB, fost. | Breeders 30 | 93% | 321 | Bittner, 19568 . 
y 
Virgins S| er Be 397 
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in 38 per cent of the breeders and 4 per cent of the nonbreeders without the 
MTA. The average cancer age was in excess of 20 months and the agent 
could not be demonstrated in the tumors by biological assay.*? The high 
incidence seen in agent-free females of the Heston C3H subline was con- 
firmed by Boot and Miihlbock,® since more than 40 per cent of the normal 
breeders and over 50 per cent of the force breeders had the disease, and the 
incidence could be increased by the subcutaneous transplantation of pituitary 
grafts.®* #2 Boot and Mihlbock* observed mice descended from transferred- 
ova, but were unable to find any evidence for any intrauterine influence in 
the genesis of the tumors. 

The incidence of mammary cancer in breeding females of our agent-free 
C3H or Zb stock, fostered in 1938, has remained low, and less than 1 per cent 
have developed mammary cancer.** 4% 

_ The, development of mammary cancer in females of our C3H line may be 
influenced by permitting the mice to nurse females of another cancerous stock 
having a MTA with a different tumor-inducing activity.” 

In 1935,?! following a change in diet, the incidence of mammary cancer in 
breeding females of the A stock increased to over 80 per cent and has remained 
‘quite constant,?” ** 48 except for those maintained during the war period,*® 
when it became necessary to make substitutions in the animal food. Hum- 
mel and Little®* reported in 1949 that only 54 per cent of the breeding females 
of their strain died cancerous. In most experiments”® 2” > %* not more than 
5 per cent of the nonbreeding females of the A stock had tumors, the excep- 
tions being those observed by Warner et al.” 

In agent-free Ax breeding females descended from a member of the first 
litter to be fostered in 1934, the incidence for females born between 1943 and 
1948 was 0.3 per cent. Tumors which arise in mice of the cancerous A 
stock have been found to grow progressively, when transplanted, in mice of 
the Ax agent-free line. 

The MTA may be recovered from many tissues of infected mice,*” includ- 
ing seminal vesicles! and cauda epididymidis.4* During the past ten years 
numerous experiments have demonstrated that males of cancerous strains 

“with the MTA may infect agent-free females at coitus’: 1°12 1, 41, 48, 90. a 
54, 55,70, 77, 91, 116, 117, 119 and, after this occurs, the agent may be demonstrated 
“by biological assay in the mammary tumors from infected females and their 
progeny. Agent-free females with amputated uterine horns, but with 
intact ovaries, may become infected,** and vasectomized males of cancerous 
‘strains also may transfer the agent.***° 

Females of strains free of the agent differ in their sensitivity to become 

infected, and males of cancerous strains vary in their ability to infect agent- 
free females.® 42 By fostering males of a cancerous strain on females of 
‘another cancerous stock, so that they obtain a different MTA, it is possible 
to alter the capability of the males to infect females.®” °8 

Studies completed by several investigators!» 4% 59, 5% 54 5, 58, 91 119 have 

‘demonstrated that, as soon as the females became infected from the male, 
they will pass the agent to their progeny in the milk, regardless of whether 
‘the mothers died noncancerous or had mammary cancer. Among the 


; Pie 


x 
gu Ss 
= 


 enerene $8 


956 Annals New York Academy of Sciences 
progeny born to infected mothers the incidence and average cancer age were ? 
found to be similar for those born in the first, as in later litters.°* In most! 
crosses, the offspring born to these females before they were infected had a1 
low incidence and the cancer age may have been in excess of 20 months; also, i 
the MTA could not be demonstrated in these tumors. 4 
Andervont and Dunn® & 10-12, 15. 16 found that a considerable proportion of [ 
F, hybrids obtained by crossing animals of their C3H and Bagg albino stocks ; 
had mammary tumors, and that the agent could not be demonstrated except ' 
from tumors that occurred in young animals and where most of the litter- - 
mates died cancerous. In one experiment, no significant difference was 
noted between the incidences among the hybrids sired by C3H males with: 
and without the agent.' . 
These data have been corroborated in this laboratory by using animals of 
the same stocks.52 The average cancer age was in excess of 20 months; ; 
when only noncancerous hybrids were included that survived for 600 days, , 
the incidence in the F, hybrids was 51 per cent. The incidence was the same | 
for the offspring born in the first two litters as in later litters to the same | 
mothers, and the biological assay studies for the agent were negative. q 
Another series of hybrids is being observed; in this group some males of | 
the C3H/AnBi stock did infect some C females, and the tumor-inducing | 
activity of the agent recovered from these tumors was as great as any ever 
tested in any previous assay.** ®® It also has been shown that the ability | 
of males of the C3H/AnBi cancerous stock to infect agent-free females may 
be enhanced by nursing the mice on females of our cancerous Z(C3H). stock. 
The hybrids born to females infected by these males behave like those sired 
by males of our C3H stock following infection, and the biological tests are as 
active. i 
The mammary tumor agent may “‘appear”’ suddenly in mice that have 
never been nursed by females with the agent, nor injected with extracts, nor 
mated with males of cancerous stocks.* 4% 4% 72,78 Should this occur in 
mice that are susceptible, lines with high incidences of tumors may be 
developed.*® 48 
Of necessity, certain statements concerning the propagation and transmis- 
sion of the MTA must be associated with the development of cancer i 
strains having a low incidence; perhaps these were considered previously 
Andervont? found that, while two C57 black females of one litter nursed by a 
female of the cancerous C3H stock remained noncancerous, one of their nine 
progeny had cancer. Although the females of the fostered generation trans- 
ferred the agent, none of their progeny, including the female that developed 
cancer, did so. j 
Heston, Deringer, and Andervont® concluded from the incidences noted in 
two groups of backcross hybrids that nursed F; females, obtained by mating 
animals of the C3H and C57 black stocks, that multiple factors determined 
the propagation and transmission of the agent. In a more recent study, 
Heston, Deringer, and Dunn®! found that the agent had been eliminated by 
the third backcross generation to the resistant strain, and this;would suggest 
; the possibility that the two inbred strains differed by only one gene that 


. 
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controlled the agent. If one generation must lapse before the agent is lost 
in the absence of the gene, the data obtained in the earlier study®® also could 
be explained according to this single-gene theory. 

Animals of the same subline of the C57 black stock were obtained from 
‘Andervont, and some of their descendants have been nursed by females of 
our cancerous Z(C3H) stock. Thirteen C57 black females were fostered and 
died noncancerous, but mammary cancer developed in 4 of their 32 progeny, 
2 born in the same litter.5° Four progeny born in the second litter to 1 
fostered female remained noncancerous and only 1 propagated the agent, 
but the two C57 black offspring born in the third litter developed mammary 
cancer and both transferred the agent. Since we employed C57 black mice 
with the same genetic make-up as others,® ° °! the data would indicate that 
' different “agents” had been obtained from the fostering mothers. These 
‘agents were not propagated and transmitted with the same effectiveness by 
mice of an inbred, resistant subline of the C57 black stock. Also, differences 
“may exist between mice born in the same litter. 

Fekete and Little”> presented evidence that the MTA may survive for at 
least four generations, or as long as the line was continued, in females of the 
C57 black stock. In their study, fertilized ova from C57 black females were 
transferred to the uteri of females of the dilute brown stock, and the “C57” 
mice that developed then nursed their dilute brown “mothers,” from whom 
they would obtain the mammary tumor agent. Ten of these C57 black 
females had progeny, of which 5, or 50 per cent, had mammary cancer, as 
did 73 per cent of their descendants of the succeeding 3 generations, although 
the latter developed in the uteri of black females. If the C57 black females 

- of the “fostered” generation had mammary cancer, the incidence in their 
descendants for 3 generations was 91 per cent, compared with 62 per cent 
for those descended from fostered females which died noncancerous. 

Females of another subline of the C57 black stock may propagate and trans- 
mit the mammary tumor agent for many generations, and Dmochowski™ 7 
also determined that 7 to 9 generations may intervene in the line between 
cancerous animals. The incidence of mammary tumors in breeders of this 
(C57 subline was 15 per cent, and the agent could be recovered from the 

tumors by biological assay, yet 75 females of the same generations remained 
~ noncancerous when they were continued as nonbreeders or virgins. Thus, 
one could conclude from observing virgin females that the MTA was not 
' present, since they did not have mammary cancer; nevertheless, by subject- 
ing females to the hormonal stimulation of breeding and lactation, mam- 

ary tumors appeared and the MTA could be demonstrated in mice of this 
C57 black line of mice. 

In 1940,!° Bagg stated that between 76 and 89 per cent of the members of 
“his cancerous line of C57 black had mammary cancer. Based upon our 

present knowledge, presumably this would imply that the line had remained 
_ high cancerous for at least twelve generations and that the agent, obtained 
from foster mothers** had been propagated through successive generations 


_ of C57 black mice. 
Tf mammary tumors are transplanted that develop in C57 black females 
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that possess the agent, the agent could be demonstrated in the tumors after 
they were carried for ten®® 4° and 42 passages in C57 black animals that 
themselves did not have the agent. : 

Andervont® and Andervont and Dunn" described a milk-borne tumor- 
inducing agent to be transferred for many generations in a line of wild mi 
although the wild mice had a low incidence of mammary cancer. However, 
a considerable proportion of agent-free susceptible mice developed mammary — 
cancer after being nursed by females of the wild strain. Thus, the wild 
mice were resistant to the action of the agent that they were able to propagate 
and transfer, and that would produce tumors in domestic mice. 

Starting with F, females obtained by mating females of the cancerous — 
dilute brown stock and males of the C57 black stocks, and backcrossing to 
males of the C57 stock for eight generations, Murray and Little’** report 
that with the concentration of the C57 black chromatin the extrachromosomal _ 
influence became noneffective. They concluded that the extrachromosomal 
influence was ten times more important than any possible chromosomal influ- - 
ence in the genesis of mammary cancer in mice, and that “the tendency to 
have mammary cancer is not Mendelian in nature.’’ Since no reference 
was made to either the nursing influence” *4 or the reports on the action of _ 
several causative factors in the development of mammary cancer*” *§ that _ 
appeared prior to their publication,*° one may assume that their “extra- 
chromosomal influence’ was still considered to be dependent upon the 
source of the cytoplasm. As such, it need not be included with 
studies on the genetic control of the propagation and transmission of the 
milkborne MTA. | 

Murray and Little's ° did not observe the development of tumors in 
hybrid females that had been maintained as breeders and, after eight genera- 
tions of backcrossing to the low cancerous stock, the hybrids would have a_ 
genetic constitution similar to C57 black mice. It has been established by 
Fekete and Little,7> Dmochowski,™ 78 and Boot and Miihlbock* that C57_ 
black females possessing the MTA may not have mammary cancer unless 
they are permitted to have progeny. 

Low incidences of mammary cancer have been observed in breeding females 
of the I stock after they have secured the MTA by nursing females of can- 
cerous stocks.* * 45 5° Again, it was noted that the strain of foster mothers 
influenced the propagation of the agent and, even in the same litter, one 
female might transfer the agent while another might not. 

Until 19391" it was believed that only a small proportion of ovariectomized 
females of cancerous strains would develop mammary cancer and that, the 
younger the mice were when the ovaries were excised, the lower the incidence 
would be. Then Woolley and his associates’® ‘41-159 reported upon the influ- 
ence of gonadectomy in one-day-old mice. In two groups of dilute brown ; 
females, mammary tumors developed in 27 per cent'*147 and 49 per cent?¢ _ 
of the ovariectomized females. The adrenal cortex had become hyperplastic — 
in the castrated animals and there was hormonal stimulation of the secondary 
sex organs. Mice of some stocks remained in the castrate state. ' 

An analysis of the data revealed that ovariectomized females of cancerous | 


. 
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strains that had high incidences of mammary tumors as virgins also developed 
bostcastrational adrenal cortical lesions. 

To study this possible relationship, a cross was made between animals of 
the A and Z(C3H) strains, because of their respective low and high incidences 
n nonbreeders, and mice were provided to enable Smith'*** to investigate 
he influence of ovariectomy. Mammary tumors developed in the reciprocal 
"; intact hybrids, whether they were continued as breeders or virgins, demon- 
strating that the hormonal mechanism responsible for the induction of the 
‘isease in virgins was transmitted;*! similar results were reported by Heston 
and Andervont** almost concurrently. Adrenal cortical alterations were 
ound in the ovariectomized females that had mammary cancer and were 
representatives of groups of nonbreeders that would have had mammary 
cancer, while the females of the cancerous-susceptible A strain remained 
m the castrate state.'**1%5 The virgin females of the A stock had been 
shown to have a low incidence of mammary tumors.?**6 
_ With this preliminary information, mice of inbred strains were tested for 
their intrinsic capacity to develop adrenal lesions following gonadectomy, 
and these stocks were then used as parents of hybrids to study the physio- 
logical effects of their inherited hormonal mechanisms upon the genesis of 
mammary cancer.®% 6, 94-96 
| After many inbred strains and hybrids had been observed, the transmis- 
sion of the adrenal lesions following castration was summarized by Huseby 
and Bittner®® as follows: ‘‘The type of adrenal alteration was inherited 
equally through male and female parents and the tendency to become car- 
cinomatous was dominant over that for hyperplasia to develop, but... . 
both of these were dominant over the tendency for no marked cortical altera- 
tion to appear.” 

The observations on the development of mammary cancer in virgin F; 
hybrids derived by mating females of the cancerous A stock with males of 
different stocks are tabulated in TABLE 8. The maternal parents were used 
because of the low incidence of mammary cancer in virgin females,?”°* °° 
and because the ovariectomized females of the A stock remained in the 
castrate state.1%%-18 The paternal strains were tested because, in most 
instances, it had been shown that gonadectomized animals would develop 
postcastrational adrenal cortical hyperplasia and/or carcinoma.*° 

te As may be seen from the data, virgin females of the inbred A stock and 
hybrids of the ABF;, generation (A 9 X C57 black”) had similar incidences 
of mammary cancer;?”-** ovariectomized females of the inbred parental 
strains show little, if any, adrenal lesions and hormonal stimulation.4*7%% ™ 
However, ABF; hybrids have a high incidence as breeders, as do females of 
the maternal A stock;?7-2 5-87 the incidence in C57 black mice is dependent 
upon the subline being tested (TABLE 5). 

In seven other groups of F; hybrids, instead of an incidence of 5 per cent 
characteristic of the maternal stock, the incidence of mammary tumors was 
in excess of 65 per cent (TABLE 8), and in every case the gonadectomized ani- 
mals of the paternal strains gave rise to adrenal changes. Included were 
o. of the I stock that are resistant to the development of spontaneous 
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mammary cancer after they obtain the MTA.” ce Yi 94 Members of u | 
so-called Is line, obtained from Strong!” in 1950, likewise are nonsusceptible 
for the disease (unpublished data). Data are not complete on the transmis 
sion of the hormonal pattern by mice of the C(BALB/ c) and CBA strains 
demonstrating that they transmit the inducing mechanism. The mammat 
cancer-inducing hormonal pattern was called the inherited hormonal influ : 
ence’? but, as other strains were studied, it has become evident that ther 
probably are several inherited hormonal mechanisms, one of which m 
“inhibit”? mammary cancer in breeding females and give a reduced in 
dence.*": 50-51 


} 
: 
TABLE 8 : 


Mammary CANCER IN VIRGIN F,; FEMALES Havinc MOTHERS FROM THE A soa 
f 


Average age in days . | 
Hybrid Mating No. Cancer 
Cancer Nonca. | 
AZF, A? xX C3He# 121 89% 468 601 : 
ACBAF, AQ X CBA@# 45 78% 530 535 
ACF, AG XCa 51 75% 474 671 
ADoFi AQ XDid 67 15% 532 675 ; 
ADsFi A? XDscv 99 12% 555 724 ; 
ADF, AG XI¢ 50 72% 451 681 [ 
AF, AQ XEd 82 65% 438 707 : 
ACEF, AQ X CE? 71 | 37% 568 701 | 
ANHFi A? X NHd 128 16% 567 689 : 
AJKFi AQ XJK¢ 115 17% 651 725 
ABF, AQXBa& 125 5% 657 801 . 
A Ad 111 4% 450 573 ; 


Future publications, in collaboration with R. A. Huseby, will conside 
the development of mammary cancer in gonadectomized male and female 
mice of groups not previously discussed. In some, no difference was foun 
between the sexes, and at least 80 per cent of all mice had mammary cancer 
in others, the ovariectomized females had a high and the castrated males 
low incidence while, in still other series, few of the gonadectomized male 
and females had the disease. In the mice showing these differences in th 
genesis of mammary tumors, there might not be any difference, as far as 
could be determined, in the inherited susceptibility for mammary cance 
the activity of the MTA, and the appearance of the postcastrational nen 
and/or pituitary lesions. ; 

Although the gonadectomized animals of the CE,78: 7 99. 148-150 NH] 47, 50, 51 
and JK** *> (Huseby and Bittner, unpublished data) strains show adrenal 
cortical lesions, their hormonal mechanisms will not induce a high incidence 

of mammary cancer in nonbreeding susceptible mice with the agent. That 
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S, after males of these strains were mated with females of the A stock, their 
Irgin F, progeny did not have incidences of mammary tumors typical of the 
ction of the mammary cancer-inherited hormonal influence. However, 
hen females of the Z(C3H) strain, with the inducing hormonal mechanism, 
ere used as the maternal parents to produce the F hybrids instead of females 
f the A strain, their progeny had high incidences. Some effects of the 
hormonal patterns transmitted by the parental stocks may be evident in 
letermining the average cancer ages. These data are given in TABLES 9 to 
1, together with the observations for hybrids with parents of the I stock 
(TABLE 9). 

TABLE 9* 


DATA ON THE DEVELOPMENT OF MAMMARY CANCER IN INBRED MICE OF THE A, 
Z(C3H), ann I Stocks aND THEIR Hysrips 


Observations for breeding Observations for virgin 
females females 
Stock or é 
2 Matings A ‘ 
generation Pee Av. age in days Dae Av. age in days 
No. cent |——————_———__| No. cent 
cancer cancer 
Cancer | Nonca. Cancer | Nonca. 
A AQ X Ad 569 | 84 330 387 | 111 4 450 573 
Z(C3H) Z2X Zo 858 95 278 322 153 66 404 499 
rit Loic? 53 0 463 0 
AZFi A? X Zo 85 94 320 414 121 89 468 601 
AZF2 AZFi9 X AZFid 116 83 337 367 153 62 468 683 
AZF;-ABC: | AZFiQ X Ac! 22 91 328 626 22 41 500 706 
AZF1-ABC2 | AZF:i-ABCi92 X Ao 19 89 389 549 159 19 498 640 
AIF: AQ xI¢ 97 95 224 389 50 72 451 681 
AIF2 AIFi? X AIFic 82 68 302 549 155 30 469 676 
AIFi-ABCi AIFiQ X Ad# 23 78 314 609 80 16 540 681 
_AIF1-IBCi “AIFi2? X Ic 25 56 274 631 84 44 482 715 


* Reproduced by permission of Cancer Research.** 
_ + Eleven females of the I stock, fostered by Z or A females, and 42 descendants. 


_ Of special interest in the cross between females of the A and males of the 
T stocks was the high incidence of mammary tumors to be observed in the 
ATF; virgin females, demonstrating that mice of a nonsusceptible strain may 
transmit the hormonal influence that will induce mammary cancer in sus- 
ceptible mice with the MTA. Also, it became evident that the same genes 
did not control the effects of the hormonal pattern that induces mammary 
cancer and the inherited susceptibility for the development of spontaneous 
mammary cancer, although genes common to both may exist (TABLE 9). 

In the hybrids produced by mating females of the A stock with males of 
the susceptible Z(C3H) and nonsusceptible I stocks, it was possible to com- 
pare the influence of the hormonal patterns of the parental strains in the 
induction of mammary cancer, perhaps to secure some information concern- 
ing their physiological effects and, from the percentage of the hybrids which 
had mammary cancer, to estimate the number of genes involved in producing 
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TasiE 10* ‘ 
OBSERVATIONS ON THE DEVELOPMENT OF MAMMARY CANCER IN HysrIbs, 
Derivep By Crossinc Mice or THE A, Z(C3H), anp CE Stocks 
Observed as breeders 
Av. age 
: Matings 
Hybrids (2 Xo) Cancer N 
No. (per | Cancer asa 
cent) cancer 
(days) 
ZCEFi ZX CE 71 95 273 361 
ZCEF:2 ZCEF: X ZCEFi 21 81 314 366 
ZCEFi-AxBC ZCEF: X Ax 18 100 268 
ZCEF1-ZbBC | ZCEF: X Zb 14 93 292 322 
ACEF1 A X CE 54 91 341 537 
ACEF2 ACEF: X ACEF: 52 65 477 626 
ACEF;-AxBC ACEF: X Ax 12 83 213 599 
ACEF:-ZbBC ACEF: X Zb 12 100 327 
At AQ? X Ad 569 84 330 387 
Z(C3H)+ ZQX ZS 858 95 278 322 
CEz (fost.) $ CE? xX CEd@ 123 83 456 594 


Observed as nonbreeders 


Av. age 
Cancer Noni | 
No. (per | Cancer se 7 
cent) ie . 
(days) ; 
—. ee 
79 | 95 402 | 50im4 
22 82 463 561 
31 52 577 768 
25 88 406 599 
71 37 568 701 — 
92 17 572 700 
24 13 481 708 | 
34 91 418 594 
111 4 450 573 
153 66 404 499 © 
34 26 611 718 - 


* Reproduced by permission of Cancer Research.‘ 
+ These data from Cancer Research.4? 
t These data also from Cancer Research.*? 


TaBLeE 11 
Mammary Tumors OBSERVED IN VARIOUS GRoupPs oF Mice, AtL Havinc THE MT. 


Observed as virgins 


Can 


Age 


Observed as breeders 


Stock 

No. 
CEz (fost.)* 34 
CEz — 
CEzPF, 50 
CEzIsF, 46 
CEzJKF;, 36 
AJKF, 115 
ZJKF, 38 
AIF, 50 


26% 
88% 
85% 
36% 


17% 
84% 


12% 


611 
377 
359 
538 


651 
415 


451 


Ca. Age 
83% 456 
89% 362 
97% 311 
95% 287 
59% 353 
43% 475 
93% 257 
95% 224 


* Fostered in earlier series. 
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ine hormonal effects and also the inherited susceptibility for mammary 
ancer. 

In comparing the AQ X Zo and AQ X Ic hybrids it was observed 
hat, while inducing hormonal patterns were transmitted by both male 
trains, the incidences of mammary tumors in the hybrids were not in accord 
vith the theory that the same genic make-up was active in the two strains, 
Ithough the physiological effects might be similar. Further evidence of 
he segregation of the genes associated with the two inherited factors—sus- 
eptibility and hormonal—may be seen in the F2 and back-cross generations 
TABLE 9).*° No explanation may be suggested for the acceleration in the 
ime of appearance of tumors in the hybrids possessing chromatin from the I 
tock, contrasted with the corresponding hybrids sired by males from the 
ancerous Z(C3H) stock. 

The incidences of mammary tumors are compared in TABLE 10 for females 
of the A, Z(C3H), and CE stocks when they possess the MTA and were con- 
inued as either virgins or breeders. At least 80 per cent of the CE breeders 
hat had two or more litters had mammary cancer, but the incidence was 
nly 26 per cent in nonbreeding CE females with the agent.*® °° 57 
The hybrids with mothers of the Z(C3H) stock had high incidences, 
whether they were permitted to have progeny or were kept as virgins, but 
isually only the breeding hybrids with maternal parents from the A stock 
nad a high incidence. Data are given for the hybrids of the F, generations 
nd other generations produced by mating the F; females with males of the 
A and Z strains, using agent-free males to control male transmission of the 
ugent (TABLE 10). 

The observations obtained for the ACEF, hybrids are difficult to interpret 
according to any genetic theory. Whereas more than 80 per cent of the 
sreeding females of the A and CE strains had mammary cancer, the incidence 
lecreased from 91 per cent in the ACEF; mice to only 65 per cent for breeders 
of the ACEF» generation, and the respective percentage of cancerous non- 
preeders on the two generations were 37 and 17. If we assume that the mice 
yf the A and CE strains are susceptible for mammary cancer, because of the 
righ incidences in breeders, the incidence in the breeders of the ACEF, 
eneration would indicate a segregation of genes, suggesting that their sus- 
eptibility may not be produced by identical genes. 

To secure additional information concerning the genetic constitution of 
CE mice for the development of cancer, another litter was fostered by a 
female of the cancerous Z(C3H) stock, and these CE females and their 
orogeny were mated with males of either the I or JK stocks. The CE females 
with the agent showed a high incidence (TABLE 1150 

_ Approximately 200 hybrids were observed in the various groups as either 
sreeders or virgins. No significant difference was seen between the Fy, 
rybrids sired by males of the two sublines of the resistant I stock, and nearly 
10 per cent of the CEz? X Ic Fi nonbreeders had mammary cancer at an 
sarlier average age than was observed for breeders of the cancerous CE stock. 
‘ower incidences were found among the hybrids of the CEz x JKo cross. 
ata for certain other pertinent crosses are given for comparison. 


z| 
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Other data were secured by mating CEz females with males of the C5 
black stock, subline 1, to obtain the so-called CEzB,Fi hybrids, of whi 
some, including litter-mate controls, were continued as either breeders ° 
virgins. Only preliminary data may be given for this cross, as 30 separate 
as virgins and 20 as breeders are living, and are at least 1 year of age. On 
nonbreeder has died with mammary cancer when 434 days of age and 3: 
CEzB,F; breeders have had tumors, at an average age of 348 days; 5 di 
noncancerous. Thus, 57 per cent of all breeders have died with mammary 
tumors and 34 per cent are under observation. These preliminary dat 
would indicate, in this group of hybrids, that the MTA and susceptibilit 
for cancer were contributed by the CEz females, but that the hormonal pat+ 
tern of the CE stock was not similar to the inducing hormonal pattern. : 


TaBLeE 12* 
Mammary CANCER IN INBRED MICE AND THEIR HYBRIDS F 
= DE EEE 
Virgin females Breeding females 1 
Stock or 2 ; 
peneration Cross Poe ds Av. age in days rece Av. age in days: 
No. | (per No. | (per |———>—_aT 
cent) Cc Non- cent) c Non- 
ancer | cancer ancer! cancer | 
+ 
ANHFi A?xX NH 128 16 567 689 68 43 428 617 
ANHF1-AxBC FiQ X Axo 50 14 499 670 40 43 335 533 
ANHF1-ZbBC FiQ X Zba 69 61 508 726 44 82 389 703° 
ZNHFi Z2 xX NH& 62 94 495 639 48 90 345 490 
ZNHF1-AxBC Fig X Axa 38 30 575 688 30 83 352 os 
ZNHF1-ZbBC Fig X Zboe 31 68 425 663 19 79 261 427 
A AQ X Ad 111 4 450 | 573 | 569 | 84 330 | 387. 
Z(C3H) ZQXZo 153 66 404 499 | 858 95 278 322 
NH NH@ X NHo& 0 84 27 387 489 


oa | 


* Reproduced by permission from Cancer Research.‘ 


Mice of the NH stock have been tested because it was determined that 
old intact NH females would develop adrenal cortical tumors,”® 11 which 
could be accelerated by ovariectomy.’® 7% 10 

The first cross to be made was between females of the A stock and N 
males; although previous experiments had shown the transmission of 
inherited susceptibility for mammary cancer as a dominant by mice of tk 
inbred A strain,27-2% 86 45,60 (taprE 9) only 43 per cent of the ANH 
breeders developed mammary cancer, and the incidence was not increased 
the backcross hybrids to the A stock (TABLE 12). With the introduction o 
the inducing hormonal pattern by mice of the Z stock, higher incidence: 
were found not only in breeders but also in the hybrids maintained as virgins 
secured by mating the ANHF;, females with males of that strain.4” 4 Th 
NH stock exerted some influence in the average cancer ages. | 

To determine if mice of the NH strain might be susceptible for mammar 
cancer, NH animals were fostered by females of the cancerous Z(C3H) stocl 
and, when these NHz females (with the MTA of the Z stock) were observe 
as breeders, only 27 per cent died cancerous at an average age of 387 days 

P 
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he incidences were similar for females of the fostered generation and the 
lescendants of the succeeding 4 generations. When compared with the 
ncidences observed in breeding females of other inbred stocks when they 
yad the MTA, these data would indicate that mice of the NH stock were 
elatively nonsusceptible for the development of mammary cancer (TABLE 12). 

Observations obtained in the hybrids derived by mating these NHz 
emales with males of other stocks, including those of the F: and backcross 
enerations, are tabulated in TABLE 13. In some, the numbers are too small 
o have significance. Certain groups may be compared with the reciprocal 
ybrids recorded in TABLE.12, the majority of which were observed during 
an earlier period. 


TABLE 13 
Mammary CANCER IN NHz Females AND THEIR HYBRIDS 
Observed as breeders Observed as virgins 
Stock 
No. | Cancer Cancer No. | Cancer Cancer 
age age 
NHz 84 27% 387 0 
Iz or Ia 53 0% — 0 
NHz? X Io'Fi 38 76% 319 a, 16% 590 
NHzlIF>2 35 57% 273 0 
NHZzIFi9? X Ic Si 611% 283 16 13% 421 
NHzIFi2 X NHo 25 52% 359 10 0% — 
NHz@ X Zbo'Fi 85 93% 355 19 58% 461 
NHz@ X Axo'F1 54 69% 422 46 20% 490 


ad 


_ If the NHz females were mated with males of the I stock, where the respec- 
tive incidences were 27 and 0 per cent in breeding females with the MTA, the 
resulting NHzIF, hybrids had a high incidence as breeders, but a low inci- 
dence as virgins (TABLE 13). A reduced incidence (57 per cent) was observed 
in the breeders of the F2 generation, yet the incidence was higher than found 
ineither parental strain. A small number of backcross hybrids were obtained 
by mating the NHzIF; females with males of the parental NH or I stocks. 
Approximately the same incidence of tumors was found in the breeders of the 
two groups, but of special interest was the early cancer age seen in the back- 
cross hybrids sired by males of the resistant I stock. 

These data may not be interpreted at this time, and only suggestive expla- 
nations may be made. It may be that the hormonal pattern transmitted by 
‘mice of the NH stock had an inhibitory effect upon the development of 
mammary cancer, even in animals that are as susceptible as the ANHF; 
hybrids*” and have the hormonal stimulation resulting from breeding and 


J 
rf 


, 


lactation. The relatively high incidence to be found in the NHzIF; breed-- 
ing females could be explained on the basis that the NH mice were susceptible; 
for mammary cancer, but that the “inhibitory”’ hormonal mechanism 
“masked” this inherited tendency for the disease and reduced the inciden 
(as was seen also in the ANHF;, mice). The inducing hormonal pattern 
introduced by the nonsusceptible I males was dominant over the inhibitory 
hormonal mechanism of the NH stock, allowing the susceptibility of the 
NH mice to become evident and giving a high incidence of tumors.*” 5L @ 
If this might be the answer, the activity of the inherited susceptibility of 
the NH animals was influenced, even in breeders possessing the MTA, by 
another inherited factor controlling the hormones. 4 

The effects of adrenalectomy and ovariectomy upon the development of 
mammary tumor in mice were demonstrated in the experiment of Shimkin 1 
and Wyman.!%6 Attempts have been made to determine the basis of the? 
inherited hormonal mechanisms by the transplantation of either ovaries or! 
adrenals into either ovariectomized or adrenalectomized-ovariectomized | 
animals. By transplanting tissues from mice of inbred strains into their: 
F, hybrids, the grafts would be subjected to comparable pituitary stimulation | 
and the hormones produced by the grafts would act upon and be metabolized | 
by tissues having the same genetic constitutions. If significant differences | 
were obtained, especially in the development of mammary cancer in the! 
hybrids bearing grafts from the two parental strains, it might be assumed 
that the observations could be due to inherited hormonal effects associated 
with the grafts. ; 

By the transplantation of ovaries into gonadectomized animals™ %* ® the 
development of mammary cancer in the various groups indicated a difference 
in the inherent hormonal function of the ovaries from the two inbred strains, 
A variation in pituitary activity of the two strains was probably responsible 
for the morphological appearance of the ovaries, but after three months in 
the F; hosts the histology of the grafts was similar. By transplanting 
adrenals into ovariectomized-adrenalectomized mice it was found that the 
postcastrational adrenal alterations that developed in different inbred 
strains of mice were probably due to the inherent responsiveness of the adrena 
tissue itself.*® 

In addition to postcastrational adrenal cortical lesions, it has been deter 
mined that gonadectomized animals of some strains may have enlarge 
pituitaries with basophile adenomas.®* “% 43 Tt has been suggested that 
the hormones supplied by the abnormal adrenals and pituitaries would pr 
duce, in susceptible animals possessing the MTA, mammary cancer not only 
in ovariectomized females but also in castrated males. Only a limited 
amount of data has been presented to support such a theory. 

It has yet to be demonstrated that gonadectomized mice of any inbred 
strain or hybrid generation would develop mammary cancer when the virgin 
females of such a group had a low incidence, or did not have the mammary 
cancer-inducing inherited hormonal pattern. As may be seen from the 
incidences of mammary tumors given in the various tables, it has become 

evident “that differences in physiological hormonal effects of the various 


966 Annals New York Academy of Sciences 


Bittner: Genetic Concepts in Mammary Cancer in Mice 967 


postcastrational changes may be of greater importance in the etiology of 
mammary cancer than the anatomical appearance of the adrenal and/or 
pituitary lesions and, since different inherited hormonal patterns have been 
demonstrated in various strains of mice, further experimental studies are 
needed to determine the physiological relationship of these to the development 
of mammary cancer in breeding and virgin females and gonadectomized 
animals.’’4® 


Summary 


Data have been examined concerning genetic concepts in the etiology of 
spontaneous mammary cancer in mice bearing upon the following aspects of 
the disease. 

The inherited susceptibility for the development of spontaneous mammary 
cancer has been found to be transmitted equally well by both males and 
females of cancerous stocks. In one cross, linkage was demonstrated between 
the gene-producing brown coat color and one of the susceptibility genes. 
While the incidence may be reduced with the elimination of the MTA, this 
does not alter the inherited susceptibility, and the incidence may be restored 
by the administration of the agent. 

The genetic make-up of animals of an inbred strain for the genesis of spon- 
taneous mammary cancer may be determined only by testing mice that pos- 
sess the MTA and have been subjected to hormonal stimulation adequate 
for the induction of these tumors. It has not been ascertained if the inherited 
susceptibility for the genesis of the usual type of spontaneous mammary 
cancer may be similar to that required for the genesis of mammary tumors in 
agent-free animals, including mammary tumors induced by carcinogenic 
agents. 

Several inherited hormonal patterns have been described; one of these 
plays a role in the induction of mammary tumors in virgin females, while 
another may inhibit their development in breeding females of susceptible 
stocks with the agent. Preliminary data indicate that the inducing pattern 
may be dominant over the inhibitory mechanism, although the latter may 
exert some influence over the average cancer age. Some of the physiological 
‘effects of these hormonal patterns have been revealed by the transplantation 


of endocrine organs into suitable test animals, but further studies are 


indicated. 

- Observations obtained in several hybrid crosses suggest that the same 
genes do not control the inherited ‘susceptibility for mammary cancer and 
the mammary cancer-inducing inherited hormonal influence, for the inducing 
hormonal pattern may be transmitted by mice that are resistant to the 
development of mammary cancer. In addition, mice that are susceptible 
for the disease may transmit the inhibitory hormonal influence, and this 
tends to mask the inherited susceptibility. 

_ Data have been obtained showing that the incidence of spontaneous mam- | 
mary cancer may be no higher in breeding susceptible females having the 
MT ‘A than has been observed in agent-free susceptible breeders, from which 
the agent cannot be recovered by biological assay. 

a 
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Following the introduction of the MTA into agent-free females by such? 
methods as nursing, injection, and male transmission, the progeny of such! 
females will have an increased incidence and acceleration in the time of! 
appearance of the tumors, and the agent can be demonstrated to be present’ 
in the tumors from the infected mothers and their offspring. : 

Susceptible females may not show similar incidences and average cancer 
ages after they have been nursed by females of different cancerous stocks. 
The agent from one cancerous stock may have different antigenic propertie 
after being introduced into mice having another genetic constitution, and 
antiserum produced against the latter may not neutralize the MTA obtained 
from the original strain. The activity and antigenic characteristics of the 
agent may become altered when propagated for many passages in a trans-: 
planted mammary tumor. ; 

With possible different agents, or with agents having different tumor-: 
inducing activities, it has become increasingly difficult to interpret somet 
experimental data, especially to correlate the observations obtained in dif-: 
ferent experiments. It is evident that comparable factors transmitted by} 
two inbred strains need not be determined by the same genic make-up, | 
although common genes may exist. \ 

Further information must be obtained about the transmission and propa-: 
gation of the MTA since it has been demonstrated that mice of different’ 
sublines of a resistant stock, or even young born in the same litter, may not 
transfer the agent from a cancerous stock with the same effectiveness and/or 
activity, and the data may be quite different after females of another can- 
cerous stock are used as the fostering mothers. Also, females of one line 
may transfer the agent for many generations, while the MTA cannot be 
demonstrated in mice of another line of the same stock after a few generations. 

It is not known whether the sensitivity of agent-free females of various 
strains to infection with the agent from males of cancerous strains may be 
influenced by another genetic complex. The problem must be approached 
with the knowledge that the ability of males of cancerous strains to infe . 
agent-free females may become altered by foster nursing, or where the males 
obtained the MTA of the fostering cancerous stock. ' 

The isolation of strains into sublines should provide new animal materi 
for many types of investigation, but each study should have adequate co 
trols, and mice of one line should not be considered as suitable controls for 
study where mice of another line are employed. Animals of sublines kno 
to be different genetically should never be tabulated together to give larg 
numbers for statistical purposes. 

The MTA may “appear” in mice of either susceptible or resistant stock: 
not nursed by females possessing the agent, injected with extracts, or mate¢ 
with males of cancerous stocks, and the agent may be transferred and propa 
gated for generations. Should this occur in susceptible mice a high can 
cerous stock will result. | 


Further studies should be concerned with the possible genetic control 0 
other aspects of the genesis of mammary cancer, including the sensitivity o 
various tissues to hormonal stimulation, the development of different type 
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of mammary tumors, and the possibility that the MTA may be of genic 
origin and operate in the individual through enzymelike control of hormonal 
metabolism and/or production or through other processes. 

There are no data to suggest that the observations made upon mice may 

apply to breast cancer in humans, especially concerning a milk-borne infec- 
tious agent as one of the etiological factors. Should one be present and have 
the characteristics of the mammary tumor agent of mice, it would be diff- 
‘cult to demonstrate its presence, for it could be transferred at coitus, in the 
blood, perhaps by saliva, and also by nursing, and it would be active only in 
the development of certain types of breast cancer. As in mice, it could be 
‘propagated and transferred for several generations in resistant individuals 
without causing cancer, and the incidence could be as high in certain groups 
lacking the agent as in others where it was present. 
_ We should not, however, lose sight of the fact that the ultimate purpose of 
cancer research is the solution of the problem in humans for, unless man were 
‘subject to the disease called cancer, there would be little need or opportunity 
for cancer research. 
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SOME ASPECTS OF DRUG RESISTANCE IN NEOPLASMS 


By L. W. Law : 
National Cancer Institute, Public Health Service, Bethesda, Md. 4 


For some time drug resistance has been recognized as a very serious 
limitation to the continued usefulness of compounds in certain bacterial and 
parasitic infections. From definitive evidence obtained at the experimental 
level it is now clear that the problem of resistance in neoplastic cells is a 
perpetual threat to the successful use of therapeutic agents. By inference, 
the eventual failure of drugs initially effective, particularly in childhood 
leukemias, may be attributed to the emergence of drug-resistant populations 5 
of neoplastic cells. } 

The development of drug resistance in neoplastic cells is a far greatert 
hazard than that encountered in bacterial populations for these reasons: 

(1) Defense mechanisms of the body are of little or no importance in} 
neoplastic disease. Thus, effective chemotherapy requires destruction (or: 
inactivation) of most, or all, neoplastic cells. 


: 
TABLE 1 
VARIATION IN RESPONSE OF AsciTIC LEUKEMIAS TO VARIOUS DRUGS 


——SSss ’ 
| 


Response to 


5 
Morphologic 
form 


Neoplasm Strain q 
G . 7 + i . 
lutaminet | Pyrimidine} Cortisone 


eae med 1 ; 
Antifolics | Antipurines antagonists | antagonists 


i 


L-1210 


Lymphocytic | DBA/2 ++ + = + - 

L-4946 | Lymphocytic | AKR ++ _ — + =_ 
70429 Plasma cell C3H + — — 
H-5530 | Acute +2 ee 

granulocytic | C58 - — - ++ = 
P-288 Lymphocytic | DBA/2 ++ + + + = 
P-1081 | Chronic ; 

granulocytic | DBA/2 _ - = ot = i 
P-1798 | Lympho- 

sarcoma BALB/c + + 
P-329 | Histiocytic | DBA/2 + us : = : fa be 
P-815 Mast cell DBA/2 = - ++ af oe 


Symbols:— = little or no inhibition; + = approximately 50 per cent increase in survival time; + 
= 100 per cent increase; +-+ = 200 per cent or more increase. ) 

* Thioguanine, 6-mercaptopurine, and 8-azaguanine. : 

+ Azaserine and DON. 

¢ 5-Fluorouracil and 5-fluorouridine. 


a 
(2) Means of combating resistant populations in bacterial infections may 
be expected to emerge from the rapid discovery of new antibiotics with differ- 
ent mechanisms of action, from the possibility of using massive doses of drugs 
continuously, and from the employment of association of drugs. Very few 
drugs are known to be effective for neoplastic diseases, and the serious limita- 
tions imposed by normal cells of the host usually prevent attainment of 
maximum effective concentrations in the body. 
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TABLE 2 


SEVERAL CArcrnostaTic AGENTS* 
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(3) The interference of certain antibiotics in metabolic sequences of bac- 
teria, but not of mammalian cells,! allows a selective toxicity probably 
never to be encountered in neoplastic cells. 

These facts, along with indications that resistance in certain neoplastic 
populations is mutational,? appear to have fatalistic implications. However, 
_as information is gained relating to the origin and mechanisms concerned with 


RESISTANCE IN NEOPLASMS DEVELOPED THROUGH THE USE OF 


Neoplasm 


Designation 


Species and 


Carcinoma.....-.----++- 


strain 
LympHocytic leukemia....| AK-4 AK mice 
_ Lymphocytic leukemia.... a C58 mice 
e Lymphocytic leukemia... .| L-1210 DBA/2 mice 
Lymphocytic leukemia. ...| L-1210 DBA/2 mice 
_ Lymphocytic leukemia. ...) L-1210 DBA/2 mice 
_ Lymphocytic leukemia... .| L-1210 DBA/2 mice 
Lymphocytic leukemia... .| L-1210 DBA/2 mice 
~ Lymphocytic leukemia. ...| L-5178 DBA/2 mice 
Lymphocytic leukemia... .| L-5178 DBA/2 mice 
- Lymphocytic leukemia... .| L-4946 AKR mice 
- Lymphocytic leukemia...-. P-288 DBA/2 mice 
Lymphocytic leukemia. ...| P-388 DBA/2 mice 
’ Lymphosarcoma........- P-1798 BALB/c mice 
~ Plasma cell leukemia..... 70429 C3H mice 
- Mast cell neoplasm....... P-815 DBA/2 mice 
Fibrosarcoma......-..--- Sarcoma 180 Swiss mice 
B@arcinoma.......6++2++- Ehrlich carcinoma | Swiss mice 
ie (ascites) 
8 Swiss mice 
 Fibrosarcoma.........---| Walker rat sar- Rat 
- coma 
- Carcinosarcoma.......--- Walker Wistar rat 
~ Fibrosarcoma.......----- Yoshida sarcoma | Rat 
L= (ascites) 
eeGarcinoma.....-.-+--+-- 755 C57Bl1 mice 
: TA-3 CAF: mice 


Compound 
used 


Resistance (R) 
or 
dependence (D) 


A-Methopterin 
A-Methopterin 
Various 4-amino PGA 
antagonists 
8-Azaguanine 
6- Mercaptopurine 
Thioguanine 
Thioguanine and A- 
Methopterin 
6-Mercaptopurine 
A-Methopterin 
A-Methopterin 
A-Methopterin 
A-Methopterin 
Cortisone 
Azaserine, DON, 
A-Methopterin, and 
6-azauracil 
DON 
6-Mercaptopurine 
N-methyl colchica- 
mide 
N-methyl formamide 
N-acetyl derivative of 
N mustard 
TEM 
Methy1-bis(6-chloro- 
ethyl)-amine-N- 
oxide 
6-Mercaptopurine 
Azaserine 


R and D 6G 
lines) 


R 
R 
R 
R 


R (2 lines) 
R 


R 
R 


—————— 


* Many lines of transpla 
many agents discussed 


respectively. 


resistance in both bacteria and neoplasms, 


here. 


ntable lymphomas are in existence that sho 
: In fact, two lymphocytic neoplasms, L- 
_ (DBA/2 mice) apparently grow optimally in the presence of 8-azaguani 


found of precluding, of circumventing, or 0 
- Certain explicit examples will be cited later. 


The experimental development of lines of neop 
to and, on rare occasions, 
_ drugs is now established.? 
- kemias and lymphomas b 


_ striking responses to 


seen from TABLE 2, 


. 
ea 


~~ 


dependence (partial 


w a natural resistance to the 
3054 (C58 mice) and P-433 
ne and 6-mercaptopurine, 


it would appear that means will be 
f exploiting the phenomenon, 


lastic cells showing resistance 
) upon certain carcinostatic 

Most emphasis has been placed upon the leu- 
ecause of the ease of handling them and their 


several classes of antimetabolites (TABLE 1). It maybe 


however, that resistance to a variety 


of agents has been 
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achieved, experimentally, in several different morphologic forms of neo- 
plasms, in solid as well as ascitic forms. | 
. j 

Development of Resistant Lines ; 

In general, the failure of neoplastic cells to respond to a drug after a strik~ 
ing initial sensitivity may be the result of variables either in the host or the 
cells. Burchenal e¢ al.‘ first described the phenomenon of resistance to the 


TABLE 3 
DIFFERENCES OBSERVED IN Two LINES OF THE LymMpHOocyTIcC NEopitasm L-1210 
ve, 8-Azaguanine- 
Sensitive (S) | dependent (8-AG-D) - 
USCC CHE UNC een tac ah case en een ee eee ie Bloody Nonbloody : 
Mean survival following inoculation of 1 X 10° ' 
ASCILIC.CElISee erased otc eee er 7.7 days 12.7 days 
PGA metabolism 
CExcontentio® cells.7 . ance oe ee ie os 0.52 ug./gm. cells}! 2.87 ug./gm. cells — 
PGAto CE conversions. 2dr auto 23.5 ywg./gm. cells} 146.5 yg./gm. cells 
A-Meth. inhibition of PGA to CF conversion*} x xx 7 
Incorporation 
Na G4 formate (CNA... 20. nga cneooee 47 uc./mole C 97 uc./mole C : 
2,6-Diaminopurine-2-C!4 (CNA)........... 91 uc./mole C 12 ywe./mole C | 
8-Azaguanine-2-C'4 (RNA)f.............. 2.86 uc./mole C | 314 we./mole C : 
Drug response 
AS MethODLerinin cutee. eievapick tt eae Reo + taf + q 
San Za GUATING os ia: ahs < vice eee a + _ ; 
AZ ASETING Mots, soya meee ts eta) aa eae aa ee { 
4 
—————— 
Symbols: — = no increase in survival time; each + = 100 per cent increase over i 
controls. i 
* Unpublished data of Nichol and Law (see also Nichol®*), i 
ft CNA = Combined nucleic acids. i 
i 


t See Skipper. °? 


folic analogue, A-Methopterin, in a population of cells of an acute lympho- . 
cytic leukemia in the mouse. In the same year we were able to select resistant j 
and dependent leukemic cells with various 4-amino substituted folic ana-_ 
logues,° and subsequently with several purine analogues, using the common 
morphologic form of lymphoma of the mouse, lymphocytic leukemia.*9 — 
Our continuing efforts are directed also to other forms of lymphomas available — 
as ascitic neoplasms, such as type A and B reticular neoplasms (monocytic } 
and histiocytic leukemias, reticulum cell sarcoma), plasma cell neoplasms 
(including multiple myelomalike forms), and granulocytic leukemias, which — 
respond quite specifically to antileukemic agents. . 

In our laboratory we have developed populations of cells resistant to such 


other compounds as azaserine, azanorleucine (DON), N-methylformamide 


. . 7 
6-azauracil, and cortisone. 1! 
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One specific transplantable lymphocytic neoplasm in DBA/2 mice, L-1210, 
has received considerable attention in our laboratory. This leukemia has 
now been carried through 400 consecutive serial transfers, killing regularly 
‘in 7 to 8 days and exhibiting logarithmic growth as determined in the ascitic 
form. This neoplasm is quite sensitive to antifolic and antipurine drugs, 
several antibiotic beers, glutamine antagonists, and other antimetabolites. 
It is of interest to note that during this long period of transfer no detectable 

TABLE 4 


RESPONSE OF SENSITIVE (S) AND THIOGUANINE-RESISTANT (TH-R) SuBLINES 
oF LEUKEMIA L-1210 To Varrous COMPOUNDS 


L-1210/S 
D : P 
Number Pata asage, ene.) BE Mean Per cent 
: of experi- Hoe survival, increase 
ments i 
Individual| Total Sa ale eae 
“Controls............ 14 105 None 7.7 + 0.08 — 
_Thioguanine........ 13 98 7.5-10 30-40 16.3 + 0.56 112 
-6-Mercaptopurine... 13 106 75 | 400-600 | 14.8 92 
8-Azaguanine....... 8 ( us) 600 | 12.3 
fe BMTYATUC 9, 50 acele oa als oe 2 16 75 400-600 | 10.6 
_ Chloropurine........ 2) 16 75 | 400-600 | 10.6 
_A-Methopterin...... 5 41 3 DAN iD) ee oA 124 
L-1210/TH-R* 
SPONtTOWS 3 5 dws 8 64 None 8.5+0.14 — 
@thioguanine........ 8 65 7.5-10 30-40 8.3 + 0.10 = 
- 6-Mercaptopurine. .. 3 24 75 600 | 8.7 — 
%8-Azaguanine....... 3 24 ih) 600 | 8.7 == 
MesUTINes 1s es 4 3Z 75 | 400-600} 9.2 a 
_ Chloropurine........ 4 33 75 | 400-600 | 9.1 SS 
~ A-Methopterin...... 4 32 3 24 SIP heel 361 


———— 


The L-1210/TH-R subline was developed by consecutive serial transfer in DBA/2 mice 
~ receiving increasing levels of thioguanine. Seven consecutive transfers, beginning with 
_ the 246th transfer of L-1210/S were required. TH/R line was carried without drug. 


' changes in response to drugs have been observed, indicating that the endog- 
enous environmental variables within the host are relatively nonselective as 
regards drug sensitivity. In contrast, selective pressures applied to the 

_ population of sensitive cells through the use of certain antimetabolites have 

resulted in the development of variant sublines differing from the control 
‘sensitive line in various physiological and biochemical aspects, as well as in 

_ response to the specific selecting drug (TABLE 3). Several sublines resistant 

to, or dependent upon, the drug used for selection have been described.** 

Three sublines of L-1210, notably the AM-D (A-Methopterin-dependence), 

- 8AG-D (8-azaguanine-dependence), and TH-R (thioguanine-resistance) have 

_ been carried 30, 55, and 50 transfers, respectively, in the absence of the drug, 


; 
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thus showing these characters to be stable, irreversible, and heritable. 
In contrast, resistance to A-Methopterin in a plasma cell neoplasm, 70429, 
in certain cases and under certain conditions has failed to behave as a stable 
character.!2_ This will be discussed later. 

The response of a derived line of the leukemia L-1210, L-1210/TH-R 
(resistant to thioguanine) is shown in TABLE 4. Here resistance 1s complete; 
optimal growth occurs in the presence or absence of the drug. In other 
neoplasms, however, different levels of resistance are observed, as may be 
determined by many different parameters of growth, such as local lympho- 
matous growth, infiltration into peripheral blood and hematopoietic organs, 
and total number of ascitic neoplastic cells. 

The character of partial dependence, wherein populations of derived cells 
appear to grow optimally in the presence of a drug, has been observed in only © 
a few cases.!* Host variables may intervene in some situations, giving the 
impression of dependence, but a true partial dependence has been observed 
in neoplasm L-1210 to 8-azaguanine, and in the plasma cell neoplasm 70429 - 
to A-Methopterin.* In the latter case, lysis of the neoplastic cells is seen to 
occur in the absence of drug. Heritability of the character here is not yet 
firmly established. 


Origin of Resistant Variants 


The development of antineoplastic agents has brought to the foreground 
new aspects in the evolution of neoplastic cells. Intercellular variability _ 
of neoplastic cell populations gains support from many facts: the attainment 
of autonomy, loss of histocompatibility genes, immunoselection in neoplasms, — 
ascites transformation, fluctuations in such factors as cell size and chromo- 
some numbers, increase or decrease in specificity, and changes in behavior 
in neoplasms through microisolation of clonal sublines. Thus, recognition 
of the heterogeneity of neoplastic cell populations and an understanding of 
the role of applied and natural selection as they relate to the above are major 
problems confronting the oncologist. ' 

Sufficient evidence is now at hand from studies of neoplastic cell popula- 
tions in the experimental animal to substantiate the statement that drug 
failure results from changes within the cells. The possibility of the influence 
of host variables must still be considered in certain cases, and this potentiality 
probably has not received adequate attention. Hepatic detoxication, the 
development of a more efficient renal excretory mechanism, and the influence — 
of such factors as degradative enzymes and viruses conceivably could account 
for drug failure. aie 

In the laboratory, as in the clinic, it has been observed that within a given 
morphologic form of neoplasm (for example, childhood leukemia and lym- 
phocytic leukemia of the mouse), nearly 50 per cent of the individual neo- 
plasms respond in some degree to folic analogues; others are naturally 
resistant to the maximum attainable concentration of drug. This situation 
is equally true for other drugs (TABLE 1). The selective action of the drug 
on leukemic cells, in contrast to normal cells, varies considerably from indi- 
vidual to individual, and the percentage of the population of leukemic cells 
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susceptible to increasing concentrations of a drug probably follows a normal 
distribution curve. If the barrier to a higher dosage of drug imposed by 
susceptible normal cells occurs at the average sensitivity of the leukemic 
population, no beneficial effects of the drug may be seen. However, if the 
barrier (maximum concentration attainable) occurs at a concentration per- 
mitting only a few cells to survive, a good response or remission results. The 
growth of the remaining cells would eventually give rise to a resistant 
population. 

Two general alternative possibilities must be considered in the response of 
a population of sensitive neoplastic cells to a drug (these need not be mutually 
exclusive): 

(1) Physiological adaptation. The drug induces a change in the population 
‘of cells, and adaptation of an extranuclear nature results. Where drug 
resistance is specifically related to enzyme function, it is possible that either 
an “induced enzyme synthesis” or an inducer-inactivating enzyme! may 
be involved.!4 The questions of adaptive significance and of permanency 
of the change must be raised, however. Other mechanisms implicating 
physiological adaptation have been reported.!® An interesting example of 
cellular adaptation related to the Barrett-Deringer phenomenon, a unique 
case of “tumor progression,” has been reported recently by the Kleins.** 

(2) Genetic adaptation. Individual cells of a given genotype are unable 
to cope with the new environment. Mutation thus provides a basis for new 
heritable variation. If these mutants are able to propagate themselves, a 
new population arises from clones better fitted to survive. Mutants arising 
independently of the drug are selected and isolated, and a new population 

results. 
The roles of mutation and selection in drug resistance in bacteria have 
been sufficiently documented both by direct and indirect methods to point 
convincingly to the fact that an important mechanism in most resistant forms 
studied to date is one of genetic adaptation. Direct evidence obtained 
‘by Demerec,’7 Newcombe and Nyholm,1® and Lederberg” through genetic 
_ exchanges implicates specific genes in resistance of Escherichia coli to strepto- 
“mycin. The drug-independent origin of mutants resistant to phage, strepto- 
mycin, and isoniazid have been reported. More recently, Hotchkiss” has 
shown that purified preparations of DNA derived from resistant mutants 
can transmit the property of resistance to penicillin or streptomycin in 
_ pneumococci. 

A highly selective mutagenic action causing a cell, bacterial or neoplastic, 
to change only its resistance to an inducing drug is highly unlikely for many 

reasons, and recent reports by Akiba? and Szybalski” of a streptomycin- 
induced purposeful change appear now to be discredited.”* 

An indirect method introduced by Luria and Delbriick,”4 the ‘‘ fluctuation 
test,” which distinguishes between physiological and genetic adaptation in 
bacterial populations, has been adapted to a study of the origin of resistance 

to A-Methopterin in the L-1210 lymphocytic neoplasm.” It was concluded 
from this study, in which, with other collateral evidence, resistant sublines 


_ appeared in the absence of the drug, that mutation and selection constituted 
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the mechanism by which resistance arose. Increase in resistance was seen | 


to occur in a stepwise fashion, and the character was maintained in the? 
absence of the drug. 


Patterns of Resistance ; 


7 


a 
Resistant and dependent variants obtained through the use of other anti- : 
metabolites such as Aminopterin, 6-mercaptopurine, thioguanine, and | 
6-azauracil appear also to arise in a discrete, stepwise fashion, resembling the : 
penicillin pattern®® of resistance. 
Most neoplastic cell populations in our laboratory have shown some degree ' 
of adaptation to the available therapeutic drugs. The degree of resistance 
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(Transfer, DON ; 
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Figure 1. History of the development of resistance to DON (azanorleucine) in a mast 
cell neoplasm P-815.27 
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’ 
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attained by neoplastic cells in man or in the experimental animal appears to, 
be relatively much lower than in bacterial populations, probably because the} 
intensity with which these drugs can be used is seriously limited. In two. 
instances the levels of resistance attained are in the order of tenfold increases.” ; 
As described by Nichol,?* from the standpoint of practical chemotherapy an : 
emergent population of resistant cells requires only a degree of sensitivity to 
the drug analogous to that of certain normal tissues; slight changes in the 
characteristics of neoplastic cells may be sufficient to confer resistance. j 
The emergence of a sudden adaptation similar to streptomycin or isoniazid _ 
resistance in microorganisms (single-step pattern) has been observed in our 
laboratory in a plasma cell neoplasm (designated 70429) in C3H mice. 
Recently Potter’? has observed a mast cell neoplasm (P-815) to develop | 
resistance to DON in a similar pattern. That the response to DON may | 
1 
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be a facultative rather than an obligatory single-step pattern is seen in 
FIGURES 1and2. Here, at an earlier transfer generation, the evolution of a 
resistant population of the mast cell neoplasm P-815 was seen to occur in 
several steps. Resistance in the neoplasm 70429 to high levels of the gluta- 
mine antagonists, azaserine and azanorleucine, have been attained during 


| GENI2 
DON-RES + 


10° 


LOG OF INOCULATED CELL DOSE 


SENSITIVE + DON 


12 24 36 48 60 72 84 96 108 
DAYS SURVIVAL 
Frcurr 2. Response of DON-resistant neoplasm P-815 to daily treatment with DON, 


in comparison with the stemline. Different cell inocula were used here. See FIGURE 1 
for the evolution of the resistant line. 


the course of a single transfer generation. TABLE 5 reveals the changes that — 
occur in the response of this chronic neoplasm during selection with azaserine. 
Resistant populations of cells also were isolated from sites of dissemination 
in the animal from such areas as subcutaneous connective tissue and cervical 
lymph nodes. In certain instances these populations of cells exhibited a 
permanent and heritable resistance to the glutamine antagonists; other popu- 
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TABLE 5 ‘ 
AZASERINE RESISTANCE IN THE PLasMA-CELL NEOPLASM 70429* ; 
Treatment 
: th 
Cell dose Number of mg./kg. X days Average day of dea 
Genera- 10° transfers 
tion ; x without 
inoculated Ani } 
8 Azaserine DON Control | Azaserine | DON 
12 172 Sensitive | 2.5 X 53 = 29.1 65.1 — ; 
13 2,3 = 2.514 ze 25.6. |. 19.7 on 
20 1.05 6 SC 20 Mee ZO Le 41.0 31.5 29.27 
46 shea Wh 32 oly. ee — 22.2 25-0 —F 
43 ileal Sensitive 5.70 _ 28.5 74.6 = 
? 


——— 


* Resistance to azaserine developed through passage of sensitive 70429 in mice receiving 
azaserine. Resistance developed in one transfer, the twelfth, and persisted through eee 
fers in nontreated mice.!° : 
lations isolated in this manner were still sensitive to these drugs.1° FiGuRE 3 
shows a comparison of these two types of patterns of response in neoplasti¢ 
cells developing resistance to therapeutic drugs. 

Instability of resistant populations in certain experimental situations, 
particularly of the plasma cell neoplasm 70429, have been encountered in our 
laboratory. Incomplete selection appears to be an explanation in some 
cases; in other cases, after severe selective pressures with folic analogues _ 
through several transfer generations, resistant populations are seen to reve 
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Ficure 3. Patterns of resistance developed in two neoplasms of mice following selection 
with antileukemic agents. Plasma cell neoplasm 70429 was treated with azaserine (AZ); 
lymphocytic leukemia L-1210 was treated with A-Methopterin (AM). 
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lowly to sensitivity.27. At the moment the difficulties in isolating individual 
omponents of a population of neoplastic cells and studying their relation- 
hips one to the other are obstacles encountered in attempting to explain 
me of the phenomena observed. 
_ By sexual recombination studies in H. coli K-12, Lederberg has shown 
at streptomycin resistance behaves as a recessive character. It is of 
nterest to note that, in our laboratory, development of resistance to A-Meth- 
pterin in a lymphocytic leukemia (designated P-288) was developed in a 
tepwise manner in several transfer generations and has maintained its 
esistance character, in the absence of the drug, for more than 20 transfers.™* 
his neoplasm, in contrast to most we have used, is tetraploid. If the 
haracter in this instance is presumed to be of genetic origin, it must be 
ominant or semidominant. 
~ It is impossible at the moment to define in genetic terms the precise mech- 
anisms concerned in the development of insensitivity to drugs. Neoplastic 
ells are somatic cells and, as such, are generally thought not to lend them- 
lves to genetic analysis. We must consider the possibility of the develop- 
ent of procedures analogous to sexual processes in certain bacteria, or of 
the occurrence of genetic variants brought about by agencies similar to the 
transforming and transducing factors known to play a role in the evolution 
of bacterial types. The recent development of specific markers in neoplastic 
cells and the progressive growth of clones of neoplastic cells in tissue culture 
are encouraging in this respect. It should be pointed out that a system does 
exist by which one may distinguish cellular (somatic) variants that differ 
from the original type with respect to allelic substitution at a single gene 
locus, the histocompatibility locus.”* 

The possibility that physiological adaptation plays a part in the develop- 
ment of nonsensitivity in neoplastic cells to drugs must be considered. Men- 
tion was made that the plasma cell neoplasm 70429 became resistant to the 
folic analogue A-Methopterin. In the absence of the drug, unlike other 
variant lines observed, reversion to sensitivity occurred in some populations 
even after strong selective pressures had been exerted. The mechanisms 
underlying this form of adaptation as distinct from the stable, irreversible, 
heritable types are undoubtedly quite dissimilar. Therefore, at the experi- 
‘mental level, when nonsensitivity to a drug arises, it should be determined 
‘to what extent the population of neoplastic cells has responded to the adap- 
‘tive stimulus and, if the response is discontinuous, to what extent it is due 
‘to a heritable differentiation among the cells of that population with respect 

to ability to adapt. Successful therapy depends to a great extent upon this 
knowledge. These distinctions can be made in experimental neoplasms. 
The recent success attained in tissue culture of neoplasms (particularly 
lymphomas) and heterologous transfer of human neoplasms would make it 
appear technically feasible to do so in man. 


gee? 


Aitempts at Circumventing or Exploiting Resistance 


_ Spontaneous mutations can neither be prevented effectively nor reversed 
‘in a directive manner, although recent reports on the reduction of spon- 
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taneous mutations by certain nucleosides is hopeful.?® Difficulties would b 
expected in any attempt to interfere with the origin of resistance dependent! 
upon genetic change. The origin of resistance through a mechanism of; 
physiological adaptation would in all probability be easier to control. 

A more likely time to attempt the control or elimination of resistant neo 
plastic cell populations is after they have made their appearance. | 

(1) The use of combinations of drugs is based on the hypothesis tha 
resistance to one drug may be eliminated by use of another. The oppor-* 
tunity for the occurrence of two or more mutations conferring resistance t 
each drug is thus severely limited. Recent im vitro evidence obtained 
Szybalski and Bryson*® concerning the frequency of double mutants ofi 
B. megaterium following exposure to isoniazid and PAS is pertinent here.: 
Others?! 2 have made use of a different rationale in their approach to com-: 
bination-drug therapy. : 

The spontaneous appearance of doubly or multiply resistant bacterial! 
mutants is indeed rare. Theoretically, the probability of a doubly resistantt 
mutant arising is equal to the product of the individual mutation rates. Ini 
our hands doubly resistant neoplastic cells have been obtained, but only) 
after the drugs (A-Methopterin and thioguanine) were given in sequence.? - 

Combined therapy has been unusually successful in certain neoplasms with | 
certain combinations of drugs. An example of striking potentiation of action: 
is shown, using a combination of A-Methopterin and the purine antagonist, 
8-azaguanine, in inhibition of growth of the lymphocytic neoplasm L-1210 in: 
DBA/2 mice.** Other examples of synergism in the partial control of neo- 
plastic diseases have been published.**** Of interest are examples of striking 
inhibition of neoplastic cell growth, particularly among some lymphomas, 
using antimetabolites, none of which is regularly inhibitory, particularly the 
combination azaserine and 6-mercaptopurine.'! In this connection one 
group of investigators has pointed out the difficulties that may be encoun- 
tered in attempting to assess potentiation of drugs, especially when given 
at near maximum tolerable levels.*7 

Combinations of antimetabolites are now receiving attention in the treat- 
ment of childhood leukemias. It should be appreciated that the success of 
such regimens will be determined only with adequate numbers of patients, 
since many are refractory to each of the compounds employed. { 

Interaction of drugs at the physiological level may range from synergism 
to additive effects, indifference, or even antagonism. On the basis of present 
knowledge concerning mechanisms of action of antineoplastic agents, it would 
appear premature to predict what combinations of drugs would effectively 
eliminate or effectively suppress resistant forms, even for a given morphologic 
form of neoplasm. Much more basic information is needed concerning cross- 
resistance, collateral sensitivities, and response to combinations of drugs in 
an array of different experimental neoplasms. The experimental situation 
necessary is one containing several variant sublines of neoplastic cells devel- 
oped through selection. This is a difficult problem, and it entails a fairly 
large-scale screening of neoplasms in their sensitivities to drugs and the 
systematic development of resistant sublines. Inferences concerning such 
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actors as origins and mechanisms of resistance and the use of associations 
f drugs may be gained in this manner. 

(2) The use of combinations of drugs in sequence, or given simultaneously, 
3 a question for debate. Theoretically, combinations of drugs should be 
riven simultaneously if resistance to the specific drugs is known to have a 
renetic basis. In exceptional situations it is clear that drugs given in 
equence may be advantageous. Collateral sensitivity to antifolic com- 
pounds is known to occur in populations of leukemic cells made resistant to 
uch antipurines as 8-azaguanine, 6-mercaptopurine, and thioguanine.® 
A striking inhibition of leukemic cell growth is achieved when such resistant 
ublines are then treated with 4-amino substituted folic analogues (TABLE 6). 
some evidence also is available to indicate that greater potentiation of effects 


TABLE 6 
INCREASED SENSITIVITY TO A-METHOPTERIN OF LEUKEMIC LINES TRANSFORMED 
THROUGH THE USE OF ANTIPURINES 


L-1210/S L-1210/8AG-D L-1210/8AG-R L-1210/6MR 
Compound 
Num- Survival Num- Survival Num- Survival Num- Survival 
ber ber ber ber 
42 9.9 + 0.10 


145 8.0 + 0.06} 68 | 15.8 
12.1 


N Mic tess 0.45 42 10. 
B-Azaguanine...... 56 |12.4 + 0.20] 74 0.23 9 


| ee 


42 10.1 + 0.10 


6-Mercaptopurine.| 86 |14.8 + 0.18] — — 
A-Methopterin.... 51 |17.1 + 0.69 81 63d) 13.2% 32 36.9 + 1.5t 34 27.4 + 0.90 
(117 %) (300 %) (269 %) (175 %) fd 
ae) oad 7 


Dosage schedules: 8-azaguanine, 75 mg./kg. X 8 days subcutaneously; 6-mercaptopurine, 75 mg./kg. 
7 days subcutaneously; A-Methopterin, 3 mg./kg. X 8 days intraperitoneally. Treatment was 
begun 48 hours after inoculation of 8 X 10° leukemic cells intraperitoneally. 

' * Thirty nine mice (48.2 per cent) were negative at 120 days. 
- + Five mice (16 per cent) were negative at 120 days; survival time was determined at 90 days for all 


negative animals (see also TABLE 4). 


is noted clearly in certain neoplasms given a course of treatment with 6-mer- 

aptopurine followed by A-Methopterin before resistance develops."" These 
results appear to indicate the existence of an interrelationship between the 
metabolic pathways affected by the two types of antimetabolites. The 
changes in metabolism associated with collateral sensitivities and with 
increased effectiveness of the sequential use of drugs deserve more intensive 
study. The observations recorded to date indicate that the metabolism of 
neoplastic cells may indeed be manipulated in a manner that may amplify 
the meager basis for selective toxicity with which we are faced in attempting 
to control neoplastic diseases. 

Knowledge obtained to date through the use of the limited number of 
chemotherapeutic agents against experimental lymphomas indicates a wide 
degree of cross-resistance patterns. Neoplasms resistant to one antipurine, 
for example 6-mercaptopurine, are resistant to all antipurines and to the 
nucleosides available for testing; neoplasms resistant to one folic analogue 
are resistant to all folic analogues;’ resistance to one glutamine antagonist 
(DON) is accompanied by cross-resistance to all other tested glutamine 
4 
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antagonists.!° Similar observations have been reported in children in who: 
relapse has occurred with A-Methopterin.** It would appear from thes 
observations that the number of potentially useful antileukemic agents may 
be appreciably limited by cross-resistance. fl 
(3) Choice should be made of a drug that presents a multistep patterr 
of resistance, in preference to one giving rise to a single-step type. Theo: 
retically at least, such drugs should be used at an effective concentration 
and continually. Decrease of the concentration below the effective level wil 
permit accumulation of resistant first-step mutants and allow the occurre 
of higher levels of resistance. Control of these neoplastic cells is therefor 
made more difficult. In view of the toxic effects of commonly used anti: 
leukemic compounds on rapidly regenerating epithelium of oral surface 
and intestine and on rapidly dividing cells of the bone marrow, it is question4 
able whether effective levels of such drugs are ever attained. Furthermore: 
the difficulties in maintaining adequate levels of drugs commonly used are 
apparent. | 
Some attempts have been made recently to increase the levels at which 
drugs may be administered. Periodic replacement of damaged normal 
tissues such as bone marrow has been reported to be effective in increasing 
maximum tolerable levels with concomitant increase in life expectancy.** 
Success of such a program may be visualized for drugs such as thioguanine, 
which are toxic for specific tissues. Pathological changes are limited, for the 
most part, to the bone marrow following administration of this antipurine.” 
A selective protection for normal tissues in leukemic mice has been reported 
through the use of metabolites administered during the course of antimetabo- 
lite therapy—folinic acid in folic-antagonist treated mice and certain purine 
nucleosides and nucleotides in purine-antagonist treated mice.‘ # 
It has been noted on several occasions by Burchenal,** and in our labora- 
tory,!' that experimental production of resistant populations in certain neo- 
plasms to 6-azauracil and to DON* has been difficult to achieve. If these 
observations mean that the rate of mutation to resistance is exceedingly low 
in these experimental situations or that survival values of resistant form: 
are poor, the possibility appears real that certain drugs may be the most 
desirable in efforts to inhibit neoplastic growth. : 


Possible Mechanisms for Drug Resistance in Neoplastic Cells 

4 

The lack of a detailed understanding of the mode and site of action of drugs 
in common use in the treatment of neoplastic diseases has limited an ine 
to an early solution of the nature of resistance to any given drug. Several 
promising leads have been obtained, and model systems that provide for 
detailed study are available. . 
Studies in bacterial drug resistance implicate the following various mecha- 
nisms, some of which may be suggested as being operative in resistance in 
neoplasms, and-others of which may be excluded: (1) altered accessibility tc 


* More recently, attempts to develop resistance in several neoplasms to 5-fluorouraci 
and S-fluorouridine have been unsuccessful after many transfers in treated hosts. 
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rug due to changes in permeability or transport mechanisms; (2) increased 
formation of a competing metabolite; (3) increase in the amount or efficiency 
of the enzyme using the metabolite; (4) decrease in the relative affinity of 
the susceptible enzyme for the drug (antimetabolite) as compared with the 
affinity for the metabolite; (5) development of alternative metabolic path- 
ways; (6) inactivation of the drug; and (7) selection of heteroploid variants 
or other cytologically altered cells. 

Some information, particularly in bacterial systems, has come to light 
indicating in several instances that resistance results from inability of inhib- 
itors to transfer across the cell membrane.** 4° In this connection it is 
interesting to note that Davidson*® has found that the antipurines 8-aza- 
guanine and 6-mercaptopurine enter L-1210/8-AG-R (8-azaguanine-resistant) 
cells freely. Nonsensitivity in these neoplastic cells would appear not to 
be related to reduced permeability.*® 

In only one instance in our laboratory is there a possibility of selection of 
heteroploid variants. Lampkin and Potter!2 observed an increased mean 
nuclear size in the cortisone-resistant population of lymphosarcoma P-1798.” 
~ Recent excellent reviews have been given of the progress concerned with 
‘mechanisms of resistance in neoplastic cells.* *% “7 

Several model systems have been developed that have specific advantages 
for detailed studies of mechanisms of drug resistance in neoplastic cells, 
including an in vitro system developed by Nichol,” employing ascitic lines of 
leukemias in the mouse resistant and sensitive to various antimetabolites. 
This system lends itself to a study of certain characteristics of resistance to 
‘antifolic compounds such as the formation and function of Cofactor F (folinic 
acid) and its metabolic alterations, the role of the functional forms of folic 
acid in the biosynthesis of purines, or the interconversion of serine and 
glycine. 

Another system involves certain reactions concerned with the de novo 
synthesis of purine mononucleotides that have been characterized in pigeon 
liver. These reactions are extremely sensitive in ascitic leukemic cells and 
have been adapted for the study of inhibition of enzymatic reactions by 
certain glutamine antagonists in sensitive and resistant populations of 
meells.*® 4 
Preliminary findings employing both systems indicate that metabolic 
differences are measurable in vitro by these techniques and that im vivo corre- 
‘lations are possible. Further, it is suggested also that the actual differences 
in concentration of a drug influencing sensitive and resistant leukemic cells 
are small in contrast to differences commonly observed in bacteria. Accord- 
‘ingly, slight changes in metabolism may be capable of conferring resistance. 
Recent studies made by Buchanan and his co-workers deal with individual 
enzymes and enzymatic reactions such as the inosinic acid transformylase 
system, the enzymatic reactions concerned with the formylation of glycin- 

‘amide ribotide,®*! and the characterization of the various substrate and 
cofactor requirements of the systems. It will be of interest to compare the 
“influence of folic analogues on these individual reactions with which these 
_ specific enzymes are concerned in resistant and sensitive neoplasms. _ 
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Conclusions 


The occurrence of resistance in neoplasms following initial sensitivity 
has been observed with a variety of carcinostatic agents. The greater 
significance of this character in neoplasms in contrast to resistance in micro- 
organisms and parasites is stressed. 

Resistance to folic analogues in certain lymphocytic neoplasms appears to) 
result from mutation, the drug acting as a selective mechanism. Resistance: 
here is seen to be heritable and stable. ; 

Two common patterns of origin resembling the penicillin and streptomycin | 
patterns in bacteria have been observed. In addition there is some evidence 
that resistance in certain neoplasms may be unstable; reversions to sensitivity | 
occur. Further biological characterization of resistant populations in a 
variety of neoplasms is necessary. 

Elucidation of the basis of drug resistance in neoplastic cells at the bio- 
chemical level can be approached experimentally; several model systems are | 
in use. The possibility of exploiting this knowledge, as well as other basic 
knowledge concerning such factors as origins, patterns, cross-resistance, and 
collateral sensitivity characteristics to preclude or circumvent resistance 
must be considered. . 

Resistance in certain neoplasms in man, after initial sensitivity, appears 
by analogy to be similar to that encountered in the experimental animal. 
Correlations between mouse and human leukemias provide an encouraging 
basis for obtaining definitive information on this issue. Such studies in man 
now appear technically feasible. q 
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T. S. Hauscuxa (Roswell Park Memorial Institute, Buffalo, N. Y.): As 
emphasized by Strong, the somatic mutation hypothesis does not insist o 
point mutations proper at definite loci as keys to autonomous growth. No 
does it postulate uniform genetic means for achieving diverse neoplastic 
phenotypes. The popular tacit assumption of a primary metabolic change 
at the root of all cancer is reinforced by the high aerobic glycolysis of ae 
tissue, believed to be the cell’s answer to irreversible respiratory damage, 
However, the vast heterogeneity of neoplasms and carcinogenic stimuli 
argues against unitary etiological mechanisms. : 

Each cancer—by whatever agent initiated—is a new biological species 
with a reproductive advantage over its host. It differs, not only from the 
organism in which it arose, but from all other tumors. This individuality 
is best reflected in the cytologic and antigenic features of neoplastic cell 
populations, While aneuploidy is rare in normal embryonic and adult 
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issues, the majority of transplantable tumors, spontaneous tumors, and 
issue cultures with neoplastic potential are now known to be heteroploid. 
Like species, they have their characteristic ideograms with distinct chromo- 
ome numbers and morphology. 
_ They exhibit also antigenic alterations that can be investigated with greater 
recision than any other cellular trait. Some normal isoantigens may per- 
ist, others are weakened or lost, and some are entirely new. Even two 
umors originating in the same tissue of a single mouse of an inbred strain 
re not alike in their histocompatibility. The isoantigens, of course, have 
othing to do with carcinogenesis, but they are convenient test material for 
demonstrating tumor individuality. 

Chromosomal imbalance favoring neoplasia could arise by mitotic mistake 
n any island of somatic cells made hyperplastic by a carginogen or virus. 
Gross genetic imbalance seems to be responsible for the high cancer rate in 
hybrids from crosses between certain species of tobacco, fish, and mice. 
One function of aneuploidy and of chromosomal mismatching may be the 
unbuffering of buffered deleterious genes. Accidental separation of growth- 
controlling genes from corresponding suppressor systems is another possi- 
bility. Wherever there is somatic proliferation there is opportunity for 
unequal chromosome distribution between cells; there is also the menace of 
Josing inhibitory complexes. Genotypic imbalance in favor of growth may 
thus pass the neoplastic threshold. ; 
_ This concept does not exclude the possible oncogenic role of true point 
mutations. However, the gross chromosomal anomalies in tumors are so 
frequent, and constitute so many novel gene combinations, that they are 
perhaps not always the empty cart behind the invisible horse. To dismiss 
the nuclear individuality of most tumors as a meaningless by-product of a 
fundamental metabolic lesion is no less extreme than Theodor Boveri’s 
intuitive deductions from sea urchins, ascribing a// cancers to chromosome 
irregularities. 
The somatic mutation hypothesis will survive as one of the most persuasive 
‘theories in cancer biology, even though it seems beyond the reach of direct 
experimental attack. Cytogenetic aberrations in established tumors—no 
matter how incriminating—cannot be admitted as evidence for a self- 
perpetuating genetic blunder during the birth of one remote somatic ancestor. 
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MALIGNANCY AND THE GENETICS OF THE SOMATIC CE 


By Jack Schultz 


Institute for Cancer Research and Lankenau Hospital Research Institute, 
Philadelphia, Pa. 


It is a truism by now that the change from the normal to the neoplastic 
cell must involve a change in cellular heredity. However, this statement is 
now so general as to be meaningless (compare Burdette, 1955); it demands ; 
rephrasing in concrete terms and a more definite conceptual analysis. . 

So-called alternatives to changes in cellular heredity. First, let us examin 
what alternatives there are to changes in cellular heredity. These alterna- 
tives are usually proposed by nongeneticists, and some of them are merely; 
the genetic hypothesis specified in terms of a particular phenotype. For 
example, Warburg’s (1956) postulate of a derangement of the respiratory} 
mechanism of the cell is a special case of hypotheses placing emphasis on! 
cytoplasmic factors such as mitochondria and, in more general terms, plasma-: 
genes. Again, let us consider the virus hypothesis (for example, Oberling; 
and Guérin, 1954; and the topic of major emphasis in Subcellular Particles in’ 
the Neoplastic Process, 1957). This can logically be divided into two cate-: 
gories, one being the case in which the frank tumor cell no longer transmits: 
the virus; in the other case, similar to that of the lysogenic bacteria, the virus 
is believed to perpetuate itself within the tumor cell and somehow to 
responsible for the malignant phenotype. The first case is not really to be 
distinguished from the mutation hypothesis: here the virus is merely a special 
mutagenic agent. In the second, the virus has become part of a new cellular 
heredity, whether by way of incorporating itself into the chromosomal mecha- 
nism, or by some less regular mechanism of multiplication in the cytoplasm. 

A similar confusion between genotype and phenotype exists in the dis- 
cussions of an immunological theory of cancer (Green, 1957); the antigens 
presumably lost in the cancer cell according to this discussion, must also 
be genetically determined; and we are back where we started. ; 

The examples just given quickly reduce, like others (for example, Caspers- 
son and Santesson, 1942) to special cases of a genetic interpretation of the 
neoplastic phenomenon. More seriously considered as an alternative coe 
is the view that the malignant process is an aberration of the process of 
differentiation (Foulds, 1954; Furth, 1953; Greene, 1955). Implicit in this 
formulation is a contrast between the mutational processes and those of 
differentiation, the essential reason for the contrast being the low frequency 
and the random nature of mutation versus the regular occurrence and the 
exquisite order of differentiation. Here again, as in the two earlier examples, 
we are confronted by distinctions that eventually may turn out to be arti- 
ficial, since they were based on imperfections of analysis. The fact is that 
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Hifferent strains of tissue cells do maintain a kind of genetic identity about 
which we know very little at the present time. It was the realization of this 
act that led Morgan (1934), almost twenty-five years ago, to conclude that 
he dogma of the genetic equivalence of the nuclei of differentiated cells could 
not be accepted, that some sort of irreversible change must occur in cell 
eredity during differentiation. 

Genetic analysis of somatic cells. It is evident from this capsule treatment 
hat the genetic concept of the neoplastic process is at the core of the prob- 
em: how are the processes of cell heredity changed during this event? The 
so-called alternatives are merely the result of an inadequate understanding 
bf the nature of the genetics of somatic cells. 

_ What is required to make analysis possible? If the normal tissues from 
which the neoplasms derive contain many different genetic types, a method- 
logy is necessary that will relate these genetic differences to those with 
which we are already familiar in the germ cells (Lederberg, 1956; Hauschka, 
1957). We must remember here that the essence of the genetic technique 
s the analysis of the transmission of alternative characters. This is accom- 
lished in classic genetics by the triad of mutation, of fertilization, and of 
segregation and recombination at meiosis: the mutations give the differences, 
fertilization gives a nucleus containing the contrasting elements, and the 
meiotic phenomena allow that the relationships be analyzed to provide the 
senetic maps. 

- With the perfection of single cell clonal analysis in tissue cultures (Puck, 
1957; Puck and Fisher, 1956), it is now evident that the first requirement— 
the exact description of cellular differences in sufficient variety to give a large 
enough number of markers for genetic mapping—can eventually be met. 
The nature of the cell markers is already varied, from antigenic responses, 
drug resistance, and nutritional requirement to cell behavior and morphology. 
The nature of mutational processes in somatic cells is the central problem; 


O 


Before doing so, let us consider how genetic analysis could be carried out 
in somatic cells. Fertilization and an accompanying nuclear fusion are diffi- 
cult processes to accomplish in the soma. The existence of transduction in 
bacterial clones and the demonstration that virus infection is related to this 
phenomenon, for lysogenic strains at least (Hartman, 1957; Lederberg, 1957; 
J. Lederberg and E. Lederberg, 1956), has raised hopes that such possibilities 
may also exist for somatic cells in multicellular organisms. Let us consider 


these possibilities more closely. 
_ The process of transduction after the transfer into the cell involves the 
incorporation of a chromosome fragment into a normal sequence by a process 
conjectured to be equivalent to the double crossover of classic genetics. 
‘There are thus two separate elements in the process, one analogous to ferti- 
lization, the other a postzygotic meiosis. It is of some interest that post- 
zygotic meiosis is of common occurrence in microorganisms, but is unknown 
in higher organisms. ; 

Thus, the essential element of the transductive system 1s the transfer of 
part of the nuclear apparatus and its incorporation into a functional chro- 
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mosome. I should like to recall here extensive trials, particularly those 
attempted in maize, to determine whether fragments of chromosomes withou; 
a centromere could be reincorporated into the genome. The experiment 
involve an apparently unrelated field: the study of the mechanisms of pro: 
duction of chromosome rearrangements. Two apparently opposing theorie 
were being tested (for general background see Muller, 1954): on the one hand 
it was believed that fragments of chromosomes recombined to give the viabl 
rearrangements while, on the other, it was believed that exchanges occurre 
between nonhomologous regions with no prior breakage. For a time, early 
in the history of the work, the existence of small patches of the original typ 
of tissue in mutant kernels of maize endosperm was regarded as evidence 
that chromosome fragments, after a series of mitoses in which they did not 
replicate, could become incorporated into the mitotic apparatus and become 
part of the genome. These recovery spots, as Stadler (1930) called them 
proved to have a different interpretation on the basis of McClintock’s studies 
(1938a, b; 1956) of different kinds of variegation: they are apparently the 
residue of the original cell type after a process of loss has occurred early i 
development. In point of fact, there is no evidence that acentric fragments 
will become permanently incorporated into the nucleus; they seem generally. 
to lag outside the spindle and to be lost in the cytoplasm. Even when occa- 
sionally carried in at telophase (McClintock, 1938a), they are lost in succes~ 
sive divisions, a condition not at all hopeful from the point of view of trans- 
duction. Tests for the occurrence of crossovers from acentric fragments, the 
essential point in the application of the transduction argument, would be 
highly desirable. : 

There have been some claims for the occurrence of transformationlike 
phenomena in vertebrates; namely, genetic transfer from DNA fractions as 
in bacteria (Hotchkiss, 1957). One is the leukemia case (Stasney et al., 
1950); the other, the more recently publicized experiments in ducks (Benoit 
et al., 1957). As to the leukemias, the known virus etiology of such malig- 
nancies makes them a special case even if the data are accepted at face value, 
and even if the critical experiments of Klein (1952) with genetically marked 
material are regarded as merely cautionary as to the possibility of transmis- 
sion of whole cells. As for the duck, it is difficult to be convinced by the 
information so far available. 

It would undoubtedly be folly to exclude the possibility of transductior 
processes in the analysis of somatic cells. However, it would also be unreal 
istic to paint a picture in which transduction in metazoa were to figure ast 
possibility wholly untested, merely awaiting proper experimental condition: 
to provide the proper analytic approach to our problems. 

As an alternative to transduction, the fusion of cells with the subsequen 
union of nuclei to form a tetraploid nucleus may be considered. This is ‘ 
phenomenon long discussed as an origin of tetraploidy. In recent years 
however, it has been relegated to a minor position as the processes of endo 
mitosis have been clarified (Geitler, 1953). Nevertheless, the possibility 
of such a technique lies open. | 

Recombination in such a system would also involve crossing over, now 0 
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a mitotic type. This is an event well known in Drosophila (Stern, 1936), 
and in certain microorganisms, of which Aspergillus is the most extensively 
studied (Pontecorvo, 1953). It is still not clear in either of these organisms 
what the relationship is between the mitotic and the meiotic crossing over. 
In Drosophila, for example, intimate association between the homologues, 
a necessary prerequisite to recombination, is characteristic of every somatic 
prophase; the unpleasant fact here is the rarity of somatic recombination. 

__ Nuclear transplantation and genetic analysis. Let us consider still another 
approach to this problem. What we really want to test, as a general propo- 
sition, are the possible differences in genetic composition between different 
types of tissue cells, the differences that cause them to maintain their identity 
and that contain, as a special case, the characteristic differences of the malig- 
nant cell. Infectious processes, the inheritance of cytoplasmic particles, the 
differentiation of nuclei—the analysis of all of these necessitates techniques 
that will allow the substitution of one cell component for another. Con- 
ceptually, the simplest of these techniques for somatic cells is nuclear trans- 
plantation. I should like to discuss now the possibilities that this procedure 
offers, as Briggs and King (1955) and King and Briggs (1956) have developed 
it in the frog’s egg. 

~ Let me recall their experimental procedure in outline: into an egg from 
which the polar bodies and the female pronucleus have been removed, at an 
appropriate time after activation, there is injected the nucleus (with what 
| cytoplasm adheres to it) from a previously isolated cell at one of the stages 
“of embryogeny. They have been able to show, in a series of elegant and 
well-documented experiments that, through the blastula stage of develop- 
“ment, nuclei, when transplanted, will produce normal embryos. In agree- 
“ment with the classic experiments that overthrew the Roux-Weissman theory, 
there is no specialization of the nuclei in the frog at this time. As develop- 
‘ment proceeds, however, the picture changes, and a new prospect opens. 
The most elaborate series of experiments, involving several nuclear-transplant 
_ generations, concerns the behavior of endoderm nuclei at early stages of germ- 
- layer segregation. The evidence is clear that embryos developing from such 
- transplanted endoderm nuclei show a deficiency of ectodermal structures. It 
is obviously too early to say whether the indications of specific restrictions 
in potentiality will be fulfilled; but the fact that it is the ectodermal struc- 
tures that are inhibited is, to say the least, suggestive. One may conceive 
- of an irreversible change of chromosome constitution, of such nature that 
only special regions transfer information in the different specialized cells, 
~ the rest being silent. This point of view has repercussions for the problem 
_of neoplasia, as I shall attempt to show. However, what concerns us here 
_is the possibility of developing a methodology for mapping somatic chromo- 
somes on the basis of these discoveries. 

J should like to mention two possible experimental approaches to this 
_ problem, both difficult to accomplish. One is the study of the progression 
_ of specialization in development to determine the sequence of changes in 
_ nuclear differentiation. In this way the changes during development could 
es: be mapped with respect to each other, and a beginning, however laborious, 
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might be made toward their analysis. The other possible approach involves: 
the normal fertilization of the egg by the sperm, the removal of the fema e€ 
pronucleus, and the introduction of a differentiated nucleus at the usual time¢ 
for transplantation. Here a triploid zygote nucleus should be formed by thee 
fusion of the sperm and the transplanted nucleus. The opportunity wou ld: 
then be clear for a conventional genetic study of the triploid zygote, hetero 
zygous for differentiated and undifferentiated chromosomes. This would 
be a straightforward analysis, if feasible, and I mention the possibility simplyy 
to show that the analysis is not completely out of bounds. . 
Possible genetic nature of differences between cell types. I now return to theg 
possible kinds of genetic differences between cells, in an attempt to evaluate: 
their respective importances, first with respect to ordinary tissue differenti- 
ation and then with regard to the malignant process itself. ; | 
If there is perhaps any one outstanding thing that genetic studies have: 
impressed upon us, it is the variety of hereditary changes that may be respon- - 
sible for a given phenotype. The genetic system is a balanced one, and its: 
disruption in any one of many ways will lead to a mutant character. Any’ 
organism at all well studied genetically, from Escherichia coli to Drosophila, , 
from the mouse to man, shows examples (for general background see Wagner ' 
and Mitchell, 1955) of mutations at different loci in the chromosomes that | 
have similar end effects. Moreover, simple quantitative changes—for | 
example polyploidy, chromosome duplications or deficiencies—may give | 
distinctive mutant phenotypes: the original mutations of DeVries belonged 
to this category. This is a point that needs no laboring. 
The relevant questions, however, are the relation among the known types 
of mutation in the germ cells as studied by the usual genetic techniques, 
the special types of somatic mutation that have yielded to analysis, the 
differences between tissue cells, and the malignant process. Somatic cells 
are known to respond, on the whole, to the same mutagens as the germ cells; 
the rates of change per individual gene, where these have been measured, are 
of the same order of magnitude in both kinds of cell. However, these are 
rare changes, and there are types of somatic mutation that occur with a high 
frequency. These types form the variegated races of both plants and 
animals. 
In Drosophila, particularly in Drosophila melanogaster, where these prob 
lems have been studied in some detail, there are, broadly speaking, two kinds 
of somatic variegation. One is associated with somatic crossing over; the 
other, more like a mutational event, is associated with a special type of 
chromosome rearrangement in which the position of the genes with respect 
to the so-called heterochromatic regions determines their behavior (Hannah, 
1951; Lewis, 1950; and Schultz, 1939). The two types of variegation 
(somatic crossing over and heterochromatin sensitive) are different in their 
response to metabolic antagonists of various types. From the present evi- 
dence it would be somewhat surprising if these types were related phenomena, 
the frequency of somatic crossing over being influenced by the fact that 
substances such as the nitrogen mustards have a relation to chromosome 
rearrangement, the heterochromatin-sensitive variegation responding to sub- 
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stances generically having to do with nucleic acid synthesis (Schultz, 
1956). 

_ The heterochromatin-sensitive variegation is a complex genetic phe- 
nomenon. It depends on a constellation of factors; the patches of mutant 
tissue appear in individuals of the proper constitution when a locus is placed 
next to a heterochromatic chromosome region by means of the chromosome 
rearrangement. The size and number of the patches and the type of mutant 
allele displayed depend on: the distance of the locus from the point of rear- 
rangement, the kind of heterochromatic region, the quantitative relations of 
other heterochromatic regions in the chromosome complement, and a galaxy 
of modifiers distributed through the chromosomes. Moreover, the influence 
of these factors, at least in part, is exerted differentially at different stages 
of development: the effects are maximal at the later stages, but are not 
detectable in tissues differentiating early, such as the gonads. As a corollary 
to thi8 fact, loci more distant from the heterochromatic regions of the rear- 
rangement are affected only in the later stages; the closest loci are affected 
in the first cell divisions of the series in histogenesis, those more distant in 
‘the later ones. These relations emerge clearly from a study of the patterns 
of variegation in properly marked individuals. It is possible to say, from a 
‘series of studies carried out for this purpose, that the change occurs at the 
stage of the cell cycle during which the nucleus is differentiated; not there- 
after, when the growth of the metabolic nucleus occurs (Schultz, 1956). 
The cytological and cytochemical analyses of these phenomena have been 
‘interesting. In the giant chromosomes of the salivary glands, the sensitive 
‘regions show a change in structure, from the banding characteristic of their 
“normal site to a meshwork like that of the heterochromatic regions them- 
‘selves. In more extreme manifestations, the affected region is no longer 
‘recognizable as such; in a less extreme case the normally light bands became 
darker, constituting evidence of an increased content of DNA. The change 
in genetic activity is thus associated with a change in the chromosome 
(Caspersson and Schultz, 1938; Schultz, 1952, 1956). 

_ It was this series of observations, made many years ago, that placed empha- 
“sis first on the concepts that the nucleic acids had genetic importance and 
that the heterochromatic regions of the chromosomes were important in 
controlling the synthesis of the nucleic acids. More recent evidence has 
strengthened these hypotheses: the heterochromatic Y chromosome, which 
has a potent influence on variegation, has been shown to affect the kind of 
ribonucleic acid in the Drosophila egg, as well as the constitution of the pool 
of nucleic acid precursors. The evidence indicates that the effect may be 
at the level of the synthesis of the bases themselves (Levenbook et al., 1958; 
Schultz, 1956; Travaglini e¢ al., 1958). 

- From another direction, the study of the effects of antagonists to nucleic 
acid synthesis on the manifestation of variegation has also given supporting 
evidence (Schultz, 1956). The most extensive results are those with the 
antifolic substances such as A-Methopterin. Here there are pronounced 
effects on morphogenesis as well. For the bristles of the fly, the effect on 
‘morphogenesis can be compared directly with that on the variegation change. 
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Both these effects of A-Methopterin—on the number of bristles and the fre-- 
quency of the variegational change in the shape of the mutant bristle—can | 
be reversed by thymidine, and other experiments show that the step involved | 
is the synthesis of thymidine from desoxyuridine. Thus, one has a picture ! 
of a tissue in which thymidine synthesis is limiting for DNA formation and | 
the DNA synthesis is critical both for morphogenesis and for genetic speci- - 
ficity in the formation of bristles. The situation is still more complex, 

however, since the thresholds for the effect on bristle number are different _ 
in different regions of the body, and the effect on the variegation may even 

be negatively correlated with the morphologic effect. That is, the regions 

in which the increase of bristle number is greatest are those in which the 

effect on variegation is quite slight. 

This situation, to my knowledge, is the closest approach yet made to a 
simultaneous study of change in genetic specificity and the processes of 
morphogenesis. In this case both are DNA determined, and yet the impres- 
sion grows upon one that different systems are involved. A possible hypothe- 
sis might be expressed as follows: the slowing of DNA synthesis beneath a 
certain level is somehow concerned with the morphogenetic effects; but when 
this level has been reached, the competitive relations at the site of the affected 
genetic locus are such that a normal DNA can now be synthesized, and a 
bristle of the typical shape for the strain be formed. . 

There are a number of implications here for the malignant process, which 
I shall examine later: the interrelations in nucleic acid synthesis, with their 
repercussions on the genetic specificities in tissue cells; the mutation pattern 
with its specificities for the different tissues, easily altered by modifiers in 
the heterochromatic balance. However, I now turn briefly to another system, _ 
brilliantly investigated in maize (McClintock, 1956) and probably general 
for the plant kingdom, which also shows the existence of factors controlling 
the behavior and activities of other loci, with apparent effects of position 
also, but with an additional feature not present in the Drosophila variegation, 
namely, a high frequency of transposition of these elements. I refer to the 
Activator-Dissociator complex studied by McClintock. : 

The importance of this analysis for this discussion is that, like the Droso- 
phila variegation, it shows the existence of a dual relationship of the con-— 
trolling elements to the mutational process. One factor is the local rear- | 
rangement: namely, the heterochromatic break in Drosophila and the 
so-called Dissociator locus in maize. The other is the so-called Activator, — 
the factor responsible for tipping the balance in the nucleus as a whole in 
maize—in Drosophila the Y-chromosome—and in other heterochromatic — 
regions. The analysis in maize has not yet reached the point at which the 
chemical steps can be defined. However, it would not be surprising if the 
elegant maize data also fitted into the concepts developed for Drosophila, 
of regions concerned with the nucleic acid metabolism of the chromosomes 
controlling the specificities displayed by the other loci of the complex. The . 
difference in detail, so striking as to be almost a difference in kind, serves to 
outline the range and variety possible among these systems. With this 
background briefly sketched, it is evident that the patterns for genetic 
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susceptibility to tumors might very easily be accommodated within a frame- 
work of a genetic control of somatic mutation. 
By way of resumé, before entering on the application of these points of 
“view to the malignant process, let me restate them. The genetic mechanisms 
for achieving a change of phenotype in a somatic cell are many: aneuploidy, 
doing violence to proper genic balance; chromosome rearrangements, with 
the possibility of (1) stable position effects at the points of rearrangements, 
(2) successive “mutations” extending along the chromosome, as in varie- 
gation, and (3) transpositions of controlling elements leading to still new 
position effects at successive cell divisions. These are nuclear events. They 
control cytoplasmic changes of phenotype, some of which may persist in the 
cellular heredity of a clone, until conditions of stress excite a change to an 
‘alternative state. One example to be mentioned here is the Sonneborn 
“analysis of ciliary antigens in Paramecium (Beale, 1957; Nanney, 1957); 
another, the all-or-none enzyme induction in E. coli under conditions of low 
~ substrate concentration, shown by Novick and Weiner (1957). 
In addition to the nuclear events we must leave open the possibility of 
cytoplasmic particles, viruslike infective agents. Even here the relationship 
~ to nuclear elements is close, as the study of lysogenic strains of bacteria has 
shown. The prophage has a locus in the bacterial chromosome (Hartman, 
_ 1957; Jacob and Wollman, 1957). It is of some consequence that the stresses 
that cause the change from the prophage in the bacterial chromosomes to 
- the mature virus are generally competent to cause chromosome breakages in 
multicellular organisms. From this kind of consideration, it follows that 
" there is no real contradiction in essence between the so-called virus theory 
and the genetic concept of cancer. The problem to solve is the genetic 
 analysis—with the experimental challenge of inducing nuclear fusion and 
"the equivalent of meiosis in somatic cells or of devising techniques adapted 
- from the nuclear transplantation experiments to give true genetic analyses— 
~ two procedures that are not necessarily alternatives. ; 
_ The application of these concepts to the malignant cell is almost a trite 
- exercise. The phenotype of the malignant cell, particularly in vertebrates, 
~ is distinctive and yet, in an odd way, nondescript (for reviews see Huxley, 
1956; Klein, 1956). Having lost the characteristics of the specialized tissue 
~ from which it originated, it converges on a cell type like that of the embryonic 
~ cell but different, in its potentialities, in the kinds of information to which 
it can respond. The development of this phenotype is a gradual one: this 
gradual nature is discussed elsewhere in these pages by Strong; it has been 
| emphasized by Foulds (1954) and by Furth (1953) and is contained in the 
- discussions originating with Rous and Beard (1935) and emphasized by 
~ Berenblum (for example, 1956) of the initiating and promoting phases in 
carcinogenesis. “The tumor progression has been likened to differentia tion— 
the original tumor cell being dependent for its growth on whatever specific 
_ substances, such as hormones, that its normal cell type demanded; proceeding 
from this conditioned growth, in Furth’s phrase, to an ever more autonomous 
state. It is of considerable consequence that this progression, as far as 
; growth requirements go, is not correlated with the malignancy of the tumor. 
A 
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As Foulds himself says, one deals with unit characters. However, once? 
having stated the case in this way, one must continue in the framework of [ 
conventional somatic mutations and selection, about which other con- 
tributors to this publication have much to say: and even here still obscure + 
‘‘adaptive” mechanisms also exist (Klein and Klein, 1957). Bake. 

The key problem is the original change, the incitement to continued cell . 
division. Once this is given, conventional theory can take over. However, 
what is this original change? A specialized cell, under a great variety of 
conditions, some special for the particular cell type (butter yellow in the | 
liver, for example) loses some, but not all, of its specialities, and forms a focus 
of malignancy. The cytological descriptions of the process are not too clear | 
to me: the exact interrelations of nuclear and cytoplasmic phenomena have 
not been worked out in unquestionable detail, insofar as I can see (for a dis- 
cussion, see Biesele ef al., 1956). Much has been made of the mutagenic 
behavior of carcinogens, but these also affect cytoplasmic structures, and 
the initial effects as studied by such means as fluorescence microscopy would | 
seem to be on such structures as mitochondria, which break down. What 
remains is the chromosome complement, sometimes polyploid, due to endo- 
reduplication operating in an abnormal cytoplasmic environment. 

It has been my belief for some years that the nature of the original change 
could not be determined until more was known of the properties of the 
chromosomes in the cells that became malignant. Formally, all can be 
accounted for by mutational changes of one sort or another. Actually, 
however, it is important to know what we start with in the normal differ- 
entiated cell. The beginning that we now have in the experiments of Briggs - 
and King (1955; King and Briggs, 1956) tells us that changes have occurred, 
and that these may be of a nature related to the restrictions of potentialities 
in the differentiated cell. Some years ago I discussed a kind of nuclear 
differentiation that might account both for the normal specialization and 
for the malignant process (Schultz, 1947), although there was no experi- 
mental evidence for it. The results of King and Briggs encourage this line 
of speculation. 

What I had supposed was that the kinds of change apparent in the hetero- 
chromatin-sensitive variegation, local changes in genetic specificity, could 
be related to the interrelated yet contrasting properties of the genes, namely, | 
their replication and their role in specific cellular synthesis. Both involve 
nucleic acid metabolism, but a slight alteration in the DNA, for example, 
could restrict the activity to replication. It is this type of difference that 
I conceived of as happening during development, and as distinguishing the 
heterochromatic regions themselves. It is a primitive speculation, but I 
should like to follow its consequences after considering some of the exciting 
cytogenetic data obtained on tumor cells in recent years. ‘ 

One of the remarkable features of the malignant phenotype, noticed almost 
as soon as the techniques of observation were adequate, has been the high 
frequency of cells with abnormal chromosome numbers (Koller, 1947). It 
was this that led Boveri, (1912) originally to propose that the malignant 
phenotype resulted from a change in genic balance by way of aneuploidy. | 
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The question has always recurred whether the aberrant chromosome numbers 

were cause or consequence of the malignant change; the ways in which the 

question can be argued are many, and I shall not take time to rehearse them. 

‘Asa result of the work of Hauschka and Levan between 1953 and 1956 (Levan 

and Hauschka, 1953; Hauschka, 1953, 1957), of Ford et al. (1957), of Makino 

(1956) and his group, of Yerganian (1956), of Koller (1956) and of Hsu and 

Morehead (1957) and Hsu ef al. (1957), evidence is now accumulating that a 

truly euploid malignant cell may not exist. Ford is of the opinion that 

‘each of the primary tumors he has examined, like the clones of Hauschka 

and Levan and the stemlines of Makino, have a characteristic aneuploid 

karyotype. 

To this another series of facts should be added, namely, the high frequency 

of rearrangements that must occur in tumor cells, according to the work of 
“Levan (1956a, b) in mouse and man and, according to Yerganian (1956), in 

the hamster. 
-_ What is really striking here is that there seems as yet to be no characteristic 

‘aneuploid number for the neoplastic cell type. What does this mean? 
There are a number of possibilities, some deriving from orthodox genetic 
“theory. It is quite possible that any one of a large number of genetic changes 

“may be adequate to trigger the malignant reaction, and therefore the chromo- 
some variability appears as an epiphenomenon, part of the phenotype of 

‘this kind of cell. Each clonal group has its own stemline, as has been postu- 
"lated by many workers, and the variability around this is important for the 
further behavior of the population. In this case, the diversity of malignant 
~ stemlines must mean, as already said, that many kinds of genetic change are 
adequate; or that, when the particular change occurs, it is insensitive to 

“modification by other genes. 

- These are formal explanations and, in a way, they seem to me to prove 
- too much. The chromosomes of tumor cells behave almost as if they were 
- indifferent genetically. This degree of aneuploidy in the germ cells of any 
of the organisms studied genetically would be catastrophic if the chromosomes 
“had their accustomed roles. In the tumor cell, it is almost as if the chromo- 
~ somes have, as their main function, their own replication. 
~ T now return to the speculations concerning the genetic constitution of 
- differentiated nuclei. What I had postulated was that, in these differenti- 
~ ated nuclei, the genetic material undergoes a change, restricting the trans- 
~ mission of information, the possibility of specific genic activity, to only a 
portion of the complement required for the functioning of the specialized 
cell type. The constitution—presumably of the DNA—in the remainder 
"permits replication, but functions now in what we may call, for lack of 
information, a generalized way. The model for this kind of speculation is 
the heterochromatic chromosome with little genetic specificity of the usual 
kind, but a function in nucleic acid synthesis (Schultz, 1956). What is to 
be expected when such a cell is stimulated to divide under the special cir- 
cumstances that obtain during carcinogenesis: damage to the normal cyto- 
__ plasmic apparatus also? Under these conditions, the growth of the daughter 
~ cells is of a new kind: the competitive relations of the different loci in the 
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nucleus are changed in comparison to what they were during the original 


differentiation of the cell type. The lack of responsiveness to the stimuli | 
for differentiation with, at the same time, retention of the specific needs of 


the cell type of origin would follow the postulate of nuclear differentiation. 
These characteristics could give rise to some of the aspects of the malignant 
phenotype. In particular, the behavior of the chromosomes and their 


apparent heterochromatic character would be quite consonant with such a 


hypothesis. How may we test it further? 

The reality of these considerations depends on the existence and the nature 
of nuclear differentiation in development. The ideal test would be a com- 
parison of the behavior of cultures of aneuploid clones of cells from the 
blastula, with similar aneuploids from later stages of development. In this 
way a possible evaluation of the activities of the same chromosome from 
different stages of development might eventually be obtained. The nature 
of the changes, in terms of chromosome constitution, is quite another prob- 
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lem. If these changes, as I have been inclined to believe, are related to the | 


nucleic acid composition of the chromosomes in a way similar to the sensi- 
tivity of some variegation strains to thymidine deficiency (Schultz, 1956) a 
direction of research is evident. 


This is all a far cry from the simplistic antitheses of virus etiology, or — 


somatic mutation, or respiratory damage, or other such factors. The situ- 


ation is complex, as complex as the developmental system from which the 
malignant cell originates and on which it parasitizes. I do not believe that 
these complexities will be so polite as to disappear if we ignore them; they 


are more likely to baffle us, with all the perversity that animate nature can 


add to the inanimate. Moreover, these complexities are, in a way, what _ 


make the problems of malignancy so fascinating also for general biology, 


for they constitute a challenge to find the principles that resolve the complex 


into the simple. 


Summary 


Almost by definition, the malignant cell differs from the cell of origin by 


a change in its cellular heredity. This paper has been concerned with an 


examination of the general principles thus far established for changes in 


somatic cells and with attempts to evaluate their relevancy to the malignant : 


change. 
The malignant tissue is characterized by cells that have a definite repro- 


ductive advantage and that migrate easily to different sites within the 


organism that they parasitize. The malignant phenotype is quite diverse 
within this scope, different tumors maintaining characteristic resemblances 


(including genetic markers manifest in those cells) to their tissue of origin. — 


The appearance of malignancy is gradual (“progression”), during a series 
of cellular reproductions which give opportunity for the selection of more 
malignant cell types (for example, “conditioned” versus “autonomous” 
growth). Malignant cells present a phenotype of chromosomal instability 
not unfamiliar to students of the genotypic control of chromosome behavior. 
Since no one aberrant chromosome number is characteristic of a malignant 
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cell, and since many aberrant chromosome types are found in malignant cell 
populations, it follows that the malignant phenotype is controlled by many 
chromosomal loci that interact, or that the malignant reaction is relatively 
insensitive to changes in chromosome number, or that the chromosomes of 
malignant cells are relatively indifferent in their genetic content. 

The variety of possible or probable genetic mechanisms to account for 
these phenomena is considerable: quantitative changes in the balance of 
‘chromosomes or parts thereof, due to nondisjunction, polyploidy, or chromo- 
some rearrangement; changes in genic constitution proper, resulting from 
somatic crossing over or point mutation; virus infection, with resultant 
changes in phenotype in the host cell; transduction or other phenomena of 
“chromosomal transfer from cell to cell; and finally, the now serious possibility 
of irreversible genetic change (nuclear differentiation) in somatic cells during 
normal development. The interdependence of somatic mutation of certain 
types and the differentiation of tissues is exemplified in a discussion of varie- 
‘gation phenomena, and the relation of these phenomena to the nucleic acid 
metabolism of the cell is indicated. These diverse phenomena are con- 
sidered in examining the possibility of criteria by which they may be dis- 
tinguished from each other in the events leading to malignancy. In this 
‘discussion the possibility of nuclear differentiation must take precedence, 
since most malignant tumors originate after histogenesis, that is, from cells 
in which nuclear differentiation has probably taken place. It now appears 
| that the problem of the comparison of malignant with early embryonic cells 
“recurs at the level of the nature of the chromosomes themselves, and that 
‘relations observed in the variegation process may offer a useful guide in 
exploring mechanisms for chromosomal differentiation by way of the con- 
stitution of the nucleic acids concerned with heredity. 
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~ GENETIC STUDIES ON TUMOR IMMUNITY: AN ANALYSIS 
OF C3H SUBLINES AND THEIR TUMORS* 


By D. Bernard Amos 
Roswell Park Memorial Institute, Buffalo, N. Y. 


__ Although there is abundant evidence that genetic factors play a part in the 
etiology of cancer, nothing is known about the mutations generally thought 
to be responsible for the change to malignancy. Experience gained from 
transplantation has indicated that progressive simplification of graft require- 
ments occur;! this has long been taken as evidence for mutation in a trans- 
planted tumor. More recently, chemical, cytological, and immunological 
methods have been used in attempts to categorize differences between malig- 
nant and normal somatic cells. 
__ A hint that mutations occur very early in the history of a tumor is given 
by Foley’s? experiments with methylcholanthrene-induced sarcomas, 
repeated by Baldwin.* This work was recently extended by Prehn and 
Main.t Animals in which the original tumor was removed were resistant 
fo subsequent inoculation with the same tumor, and cross immunity was 
demonstrated between different methylcholanthrene-induced tumors. It 
also appears from the figures published by these authors that the induced 
tumors transplanted less consistently than did either skin or fibrosarcomas 
of spontaneous origin, underlining the suggestion of inherent incompatibility 
between graft and host. 
~ One of the few methods at present available for a precise study of somatic 
genetics is that of determining the antigenic pattern of tumors and of the 
‘corresponding host strain. An extension of this study is strongly indicated 
in view of evidence of antigenic differences between graft and host gained 
from transplantation” and from transference of immunity. For purposes of 
this present investigation, Strong’s C3H and its related strains and sublines 


Fé have been used. 
_ The first procedure was to investigate the one antigenic system that has 


“heen worked out in any detail. This is the H-2 system, for which linkage 
relations were established by Snell and his colleagues® 7 and the serology of 
~ which has been unraveled largely through the careful work of P. A. Gorer. 
The H-2 antigens are the product of the most potent of the histocompatibility 
_ systems in the mouse. , 

First called “histocompatibility locus 2” because it appeared to coincide 
with Gorer’s antigen II previously demonstrated in rabbit antimouse serum, 
“it was thought to consist of only two factors, D and K, both of which were 
present in A-strain mice. 

~ Asa result of the work of Gorer, G. F. Hoecker, and their colleagues, and 
following the development of an improved method for detecting isoantibodies, 
it was established that a much larger number of factors was involved. For 


| a * The work reported in this paper was supported in part by a grant from The Damon 
~ Runyon Memorial Fund for Cancer Research Inc., New York, N. Y. 
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some time, 5 factors were known on the A-strain cell, with evidence for the | 


existence of multiple allelism for 2 of them* and with an additional 3 antigens, 
Q, P, and S,° which could have been allelic to D or K. . 

More recently Hoecker has demonstrated 3 more antigens, G, H, and I.” 
The H antigen occurs on A cells, bringing the number of factors to 6, and 
we have detected several more, bringing the number up to 10 or possibly 
more. 

Several observations of crossing over within the H-2 group of antigens® 
show that the controlling genes are spatially separated; H-2 appears to consist 
of a number of closely linked genes with a measurable cross-over frequency 
between the more widely separated members of the complex. Gorer has 
estimated the cross-over frequency between D and K to be about 1 per cent 
but, because of the complexity of the system, such estimates of cross-over 
frequency are likely to be low rather than high. The occurrence of indi- 
vidual antigens in the lines derived from the original cross-over mice is being 


determined, and their relative positions in the region worked out. The dis- . 


tribution of some of the H-2 antigens in some of the mouse strains used in 
this study is shown in TABLE 1. 


TABLE 1 
SoME OF THE H-2 ANTIGENS OF FIVE COMMON PHENOTYPES 


Strain Phenotype Antigens 
A/He Ha H-2a A.C. D. E.F.H.K.M.N. : 
C3H/St _ H-2k Fe OMe Or Foie DABRANS Fes Steyn lire 
C/St, DBA/1 H-2q aC. 9d: ESF. h-O. Means 
BALB/C, DBA/2 H-2d a. Co DAES SE Ks NG 
C57BL/Ha H-2b a. c. D.». E. F. h. k. m.N. 


Of the most recently detected antibodies, those against L, M, and pos- 
sibly V are the most strongly reacting. Anti-A appears to be rather incon- 
stant in its appearance, but it reacts strongly when present; anti-N appears 
to be weakly reacting and is not always present. Linkage with known H-2 
antigens has been shown for these factors in backcross tests. A more com-/ 
plete description will appear elsewhere. ; 


Antigens of the Mice 


The C3H family, with its numerous sublines, was chosen for this study, 
since the different lines of descent were known to vary considerably, not only 
in their response to transplanted tumors, but also in certain skeletal char- 
acters, in tumor incidence, and in some biochemical characters. They were 
also known to be closely related to the Bagg, A, and DBA strains. For 
simplicity in the text, the mice are referred to only by the name of the strain, 
except where different sublines of the same strain were used. A description 
of the origin of the mice used is given in TABLE 2. Mice not included in the 
table were all obtained from L. W. Law. 
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; The origins of the A and C3H mice have been described by Strong.“ 
The lines were originally bred to provide information on spontaneous tumor 
incidence, and part of the reason for inbreeding was to facilitate transplanta- 
tion and thereby aid the study of the tumors arising in the stocks. At first 
there was no separation into lines or strains, but these were later split off 
at intervals and distributed to other investigators. Differences in coat color 
show that a process of segregation was still going on at the time the lines 
diverged—C is cinnamon, C12I was dilute, the other surviving lines are wild 


TABLE 2 
THe DERIVATION OF Mouse Strains USED 

Strain Sorte a Origi 

ts: : riginft Comments 

tion* 

~DBA/1 Mirand Sn— Wa-— Mirand 

DBA/2 Hauschka | 21 | Li— Lankenau— Ha Little’s original Dbr 
é- Behaves as DBA/2 

YBR Hauschka| 19 | Li— He— Wi-— Ha Maintained as YBR-AvYa 
te & YBR-aa 

C3H/He | Hauschka} 23 | St An— He U.G.t— Ha | C3Hf/He 

~C3H/St | Hauschka| 22 | St— Ha 


~ C58 Hauschka | 22 | Md— Lankenau— Ha 
~ 129 Hauschka} 18 Rr— Ambrus— Ha 
--C57BL | Hauschka} 22 | Li— Lankenau— Ha Resembles C57BL/6 


f _A/Ha Hauschka | -24 | St— Bi— He— Ha 
_A/St Hauschka} 19 | St— Ha 


ay Strong St 
4 I Strong St 
JK Strong St 
cae Strong St 
=~ C3H Strong St 
_-C3H.B Strong St 
peCHI Strong St 
es CBA Strong St 
a 


_ * Number of inbred generations carried by investigator. 
-___¢ Symbols for investigators are from Cancer Research.** 
__ { Ufford Green. 


ot 


type (intense black agouti)—and, from consideration of the H-2 phenotypes 
of the present-day representatives, it is apparent that segregation for H-2 
_ factors also occurred. It is extremely probable that, even after the extant 
lines CBA, C3H, CHI, and C had been established, a number of loci were 
- still heterogeneous, and that segregation was still continuing for a number 
_ of factors, including those determining histocompatibility. 

a CBA and CHI were tested against a number of sera and gave the same 
general reactions as C3H, while C appeared to fall into the same category 
as DBA/1. A summary of some of the reactions is given in TABLE 3. The 
_ general type of the antibody is presented here, but it is possible that some 
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sera include antibodies against other H-2 antigens. From the good agree- - 
ment given between the different lines with the same sera, it is obvious that . 
the CBA and CHI react like C3H as H-2k, while C reacts like DBA/1 as 
H-2q. In these tests there is no evidence of mutation, with one possible 
exception: the reaction of C with the serum labeled “ anti-KH.” Preliminary 
genetic tests indicate that this is an H-2 factor; this would be strong evidence 
for a true mutation. Further samples of serum are being prepared and will 
be tested more extensively. If the finding is confirmed it will be made the 
subject of a separate report. 

Most of the sera used in TABLE 3 were prepared by Snell or Hoecker at 
Bar Harbor, Me., in I.R. lines, and both these and the other sera have been 
tested genetically to confirm that they do define H-2 antigens. 

During preliminary testing it was found that a number of sera would 
differentiate between two sublines of C3H carried in our laboratory (TABLE 4). 
These were the C3H/St obtained by T. S. Hauschka from Strong in 1950 in 
its seventy-sixth generation, and now in its twenty-second generation in our | 
colony, and the C3H/He obtained from W. Heston via Ufford Green by 
Hauschka in 1949, and now in our twenty-third generation. 

These two sublines have been tested with about 65 sera, of which 8 were 
produced in isoresistant pairs and have been used primarily for reference 
purposes. In no instance was a reaction obtained with C3H/St cells that 
was not also given by C3H/He, but 7 sera reacted with C3H/He and not 
with C3H/St. Of these, 7 were formed in C3H/St against A, C57, 
DBA/2, or C58. The others were prepared against C57BL in 129, in the 
F1 hybrids (DBA/1 X DBA/2) or (C3H/St X DBA/2). 

For one additional serum, DBA/1 anti-A after absorption with C3H/ St 
tissue, it was possible also to show residual hemaglutinins for C3H/He. 

These eight sera all agglutinate C3H/He cells in the absence of any known 
component against H-2k, and backcross tests completed thus far show that 
agglutinins not linked to H-2 are segregating. To avoid confusion with 
the terminology used for the other histocompatibility factors in the mouse, 
it is proposed to call these factors alpha, beta, etc., until such time as linkage 
relations have been established, when a conventional nomenclature can be~ 
substituted. | 

Beta is demonstrated by the antibody DBA/1 anti-A after absorption with : 
C3H/St. It is present on C, I, F, A/Ha, YBR, and C3H/He cells, and has 
been conclusively shown to be a non-H-2 component in a series of genetic 
tests including absorption with tissue from backcross animals. It is highly — 
probable that beta is also present in the serum C3H/St anti-A, and the same 
strain distribution of antigens is observed (TABLE 5). This antigen is prob- 
ably not present in DBA/2, or two components are involved; one of these . 
is absent from DBA/2. 

Antigamma is present in the antibody C3H/St anti-C58, which has been 
shown to have a component separate from H-2 in backcross tests. The same 
antibody is probably present in C3H/St anti-DBA/2, although linkage tests | 
are not completed; this appears to be a widely distributed antigen, as seen 
from the table. | 
f 
| 
| 
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TABLE 4 
AwnomoLous REAcTIoNS OF SOME H-2k LINES 


Pm att a Ma 


C3H/st | C3H/St pices C3H/He 
Anti-A | Anti-C57 4 Anti-C57 


DBA/2 
C3H/St se = a _ 
C3H.B/St =a fe - = 
CBA/St = is cz NT 
C3H/He ote spe — = 
CHI/St ++ + _ NT 
C3H/Fg = re ig +--+ 


Symbol: NT = not tested. 


TABLE 5 
PROBABLE DISTRIBUTION OF Four Non-H-2 ANTIGENS 
Antigen | DBA/1 | DBA/2 | Y/He| C3H/St | C3H/He | C58 | 129| C57BL | A | C/St i 
Alpha _ _ + ? _ — |+ — —| + 
Beta..... a = + — ao + )])— = =H vera 
Gamma ? + + _ + ieee ee we +] NT 
Delta = = te = a5 + |NT + ?| NT 


Symbols: NT = not tested; ? = doubtful reaction. 


] 
Delta has been shown by its reaction with a weak antibody in the serum 
(C3H/St X DBA/2) anti-C57. It does not segregate with the H-2 antigens, 
and it occurs on C57, C3H/He, and A/Ha, but not on DBA/1, DBA/2, I, 
N, or JK. The same antibody probably occurs in C3H/St anti-C57, and 
in the antibody (DBA/1 X DBA/2) anti-C57, where it has been shown also 
to occur on C58 and YBR cells. ‘ 
The final analysis of these antigens can be made only by further absorptions 
with four classes of backcross mice, segregating both for H-2 and for the 
unknown factor, and by testing for linkage with other known markers. Thet 
“isogenic” difference between the C3H lines makes it unnecessary to estab- 
lish separate inbred lines. The reactions obtained against these antigens 
appear to be different from those obtained with antibodies against H-1 and 
H-3, where the reactions obtained were extremely feeble. The analysis of 
these factors is complex, and this must be regarded as a tentative scheme > 
rather than a final classification, but it is expected that the complexity will 
increase rather than diminish. 
Next, some of the serologic reactions of all the readily available relatives 
of Strong’s C3H were tested, some of the animals being obtained directly 
from Strong, and others through Law. Besides CBA, CHI, and the”"C3H 


sublines already tested, C3H.B/St (black-eyed white), C3H/Lw, C3H.E/Lw, 
C3Hf£/G, and C3H/F¢ all reacted as H-2 


bs - 


erent at ee 
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As differences had been detected between the Strong and Heston sublines 
uf C3H by the use of C3H/St anti-A, some of the other strains were tested 
with this serum and with C3H/St anti-C57BL, with antibody produced in 
H-2k homozygous (C3H/He X DBA/2) X C3H/He (essentially C3H/He) 
nti-DBA/2, and with C3H/He anti-C57. The reactions are shown in 
TABLE 4. CHI shares at least one of the antigens described in the previous 
section with C3H/He, while CBA and the white-haired mutant resemble 
C3H/St. C3H/Fg appears to be in a special class. Beside the reactions 
shown, it participates in a number of other reactions in which the other C3H 
lines do not. No attempt has been made as yet to analyze the antigens 
present in C3H/Fg. 

_M. Runner (personal communication, 1957) has examined many of these 

strains for frequency of eleven skeletal abnormalities; there does not appear 
to be any correlation between the distribution of any of these skeletal char- 
acters and the antigens shared with A. 
_ The analysis of the serologic factors involved has led to a partial unfolding 
of a fairly complex situation. Backcross tests have shown that, with the 
possible exception of one very weak factor on C3H/Fg, the other factors 
are segregating independently of H-2. 

~ To summarize our findings with the mice, the phenotype H-2k is widely 
distributed among the C3H family and appears to have remained stable 
despite 90 generations of separation from CBA. A number of independently 
segregating factors have been detected; two of these could have been intro- 
duced from the ancestral Bagg, and the third from the ancestral DBA. 


‘ge Antigenicity of the C3H Tumors 


At least three antibodies of entirely different specificity are likely to be 
formed following hyperimmunization. These are directed against H-2, 
against histocompatibility loci other than H-2, and against the X type of 
jsoantigens, which are limited to tumors.® 

The H-2 antibodies are complex. They may be formed against few or 
many components, and some components almost invariably act as strong 
‘antigens when present, for example, D and K. Others such as F, A, and H 
are usually effective only by hyperimmunization. 

sa The H-2 antibodies, regardless of specificity, can exist in at least three 
forms, usually called saline, dextran, and blocking. Little has been done 
with the saline agglutinins in recent years. They are relatively unstable, are 
easily absorbed with red cells, and’appear to depend for their detection on 
‘the physical state of the red-cell surface. Gorer'® 17 showed ready aggluti- 
nation of A-strain cells in saline, less consistent agglutination of C3H cells, 
‘and no agglutination of C57BL cells. White cells of all strains tested, includ- 
ing C57BL, are readily agglutinated in saline.!8 In the presence of a suitable 
dextran preparation and human serum, C57 red cells are agglutinated.!* The 
dextran antibody appears more avid, absorption is more difficult with red 
cells, and the titers obtained are usually higher. Blocking antibodies are 
‘sometimes formed and are most frequently observed in sera produced in or 


against C3H, when they exhibit a prozone that may be very marked. me i 


a 
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the nonagglutinating cells from the higher serum concentrations are washed 
and resuspended in a dextran-human serum mixture (but without additiona 
antibody), very strong agglutination occurs. It appears probable that anti 
body can exist in different physical states. P| 
The X-type antibodies have been demonstrated mainly through thei 
ability to protect susceptible mice in passive-immunity experiments. They; 
are not absorbed by normal tissues, are readily absorbed by the tumor against 
which they were produced, and have to date been studied mainly in lym4 
phomas. Cross reaction has been observed in Gorer’s laboratory betwee: 
the X component of several, but not all, C57 tumors (Gorer, personal com 
munication, 1957). Antibodies against X may be separated from the H-2 
antibodies by absorption or by fractionation.'* They are not cytotoxic in the 
presence of complement im vitro (Gorer, personal communication, 1957) and 
may act as “antiblastins” by inhibiting cell division. 
Antibodies against the non-H-2 components probably resemble the H-2: 
antibodies, but are usually of low titer, sometimes so low as to be difficult 
to use in genetic experiments; it is to be expected from an analogy with thes 
results of transplantation that their effect in vivo will be less strong, at least 
for the long-transplanted tumors, than the H-2 antibodies. Experiments, 
in which protective serum from H-2 heterozygous immune mice was used 
showed only a very feeble effect. 
Antigenic studies have been made on four C3H tumors, two carried in 
mice of the Heston subline (MC1M and K2S1) and two in the C3H Strong 
mice (6C3HED and C3HMT4). These differ in their transplantability 
and in their serologic behavior. MC1M was described as a rhabdomyo- 
sarcoma, but is now quite anaplastic; it kills a certain percentage of mice of 
many foreign strains even after prior immunization with blood. It appears 
to be a good H-2 antigen in that the antibody response to it is usually of high 
titer. Taken from the C3H strain, it absorbs antibody well in vitro. Like 
each of these tumors, it has certain individual characteristics. It tends to 
provoke an extreme cellular reaction when injected in moderate doses in 
C57BL,”° and host cells may greatly outnumber the tumor cells; in this 
circumstance antibody may usually be detected in the animal’s serum, but 
is frequently of rather low titer. If larger doses are injected, the cellular 
response is not observed, and agglutinins are detected less frequently. The 
is probably some disturbance of the normal antigen content of the cells, but 
no non-H-2 components have been detected to date. 7 
As stated above, MC1M is strongly antigenic and will remove antibodies 
against H-2k efficiently upon first contact. If, however, fresh C3H liver, 
fresh MCIM, and lyophilized MC1M are mixed with a high-titer serum 
diluted one eighth for one hour, washed, and then used in a typical absorption 
experiment, the liver is found to be unsaturated and will continue to absorb 
antibody, the MC1M is much less avid, and the lyophilized suspension is 
almost ineffective, suggesting that the tumor cells, although more effective 
while still alive, are less capable of metabolizing or neutralizing antibody 
than had been supposed.”! In an in vitro cytotoxicity test, the majority ol 
cells were killed, but some appeared unharmed. | 


‘ 
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_6C3HED is more strain specific, although recently it has killed a few mice 
pi foreign strains. For a relatively specific tumor, it appears to carry unusu- 
ally feeble antigens; the antibody response has a rather low titer, and it is 
piten noticeably more efficient at absorbing antibodies directed against itself 
han those made against other C3H tumors. The relationships between 
ts individual H-2 components appears normal, but there seem to be over-all 
fuctuations in antigenicity from time to time; recently it has been giving 
igh titers in C57. It has one strong non-H-2 component that we have 
alled alpha. This is produced consistently in the serum C57BL anti- 
6C3HED and reacts with 129 cells, although these are phenotypically similar 
to C57 in that both are H-2b. Antigen alpha is shared with at least 2 other 
strains, C and YBR, and is remarkable in that it is only feebly present on 
+3H/St tissues and red cells. A sample of serum produced after 4 injec- 
tions of C3H/St liver and spleen into C57BL was a strong anti-K, but did not 
tain detectable anti-alpha. It is quite easy to remove the H-2 antibodies 
and leave anti-alpha intact by absorbing a high-titer serum with C3H/St 
iver. Anti-alpha will even survive 18 hours’ passage through the whole 
C3H mouse in im vivo absorption, although the titer falls considerably. 
Passage through 129 or through a C3H mouse bearing 6C3HED lympho- 
sarcoma removes anti-alpha completely. 

_ K2S1 is a more recently derived mixed-cell sarcoma arising spontaneously 
in C3H/He. It is still highly specific and has only lately been grown success- 
fully in C3H/St; it is at least a five-factor tumor in genetic tests with DBA/2. 
Antibodies to it are of interest for their extreme avidity. Two absorp- 
tions with C3H/He liver did not clear a serum having a quite modest titer, 
although it was subsequently found that a single absorption with K2S1 at 
the same serum dilution was sufficient. 

 C3HMT4 arose as a spontaneous mammary adenocarcinoma in C3H/St. 
At first highly strain specific, it has recently been grown in DBA/1. It has 
not been tested since this breach in specificity, but its strong H-2k anti- 
senicity was comparable to that of any of the spontaneous mammary carci- 
nomas tested. It is noteworthy that C3HMT4, Gorer’s C3HMT1, and 
MC1M do not evoke anti-alpha in C57BL mice. C3HMT4 differs from the 
other tumors in that the breach of specificity observed in DBA/1 mice 
eccurred after the second immunizing injection; the animals apparently 
rejected the first inoculum, but succumbed to massive tumors after the 
second. The tumor from these DBA/1’s was transplantable to DBA/1, 
but not to C57. A similar situation has been encountered with the Dalton 
DBA/2 lymphoma, also grown in DBA/1. Here is was first observed that a 
few very young or very old animals succumbed to the first inoculation, but 
that young adult mice rejected the graft. After three or four injections, 
however, a number of them died from massive ascites. 

- When the experiment was repeated, serum was collected from animals 
with and without ascites, and the ascites fluid was also collected. There was 
little difference in the agglutinin level of the two groups, but the ascites cells 


from the pretreated animals could not absorb antibody, and there was free 
antibody in the ascites fluid. When these cells were injected into foreign 


—— 
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q 
strains they gave rise to an almost explosive initial ascites that later regressed. | 
This same tumor has also shown a drastic change in transplantability and 
loss of antigenicity when passed through the chorioallantoic membra 
of the chick before transmission through foreign strains;” regular passage 
of the regular tumor through DBA/1 for 1 year did not affect either the 


Discussion 


Evidence of incompatibility has been found in so many types of tumor,: 
either through transplantation studies” 4 through the demonstration of! 
localizing antibodies," °° or through the demonstration of neutralizing anti-- 
bodies, !® 26 that actual or potential defense mechanisms can be postulated! 
against most types of tumor, certainly after transplantation, and even in thet 
original host. The genetic composition other than the H-2 genotype of thet 
host plays a great part in determining the behavior of a tumor graft.23 This: 
is most clearly seen in those tumors that can cross certain genetic barriers. 
Some of the variation appears due to the tumor itself, and some may be due} 
to variation in the response of the host. The strain-to-strain variation can) 
be capricious and unpredictable. For example, E.L.4, a C57BL leukemia, 
will grow in all C57BL H-2b sublines tested, but will grow exceptionally only 
in foreign strains; it has killed a number of F/St, generally considered a 
refractory strain, but under the same conditions did not kill DBA/1, usually 
the most susceptible strain we know. M. Potter (personal communication, 
1956) found that P-288 from DBA/2 would not kill BALB/C, another H-2d 
strain, but we have found that it would kill DBA/1 mice. 

Notwithstanding this type of inconsistency, H-2 factors overshadow all 
other genetic factors participating in the graft-host relationship, and it would 
be difficult to overemphasize this well-substantiated observation. The great 
majority of tumors are quite unable to grow when there is H-2 incompati- 
bility. Part of the host response is due to the production of antibodies that, 
in the presence of complement, destroy the cells directly. That no host 
cellular participation is involved in at least certain instances can be shown 
by a refinement of the passive-immunity test, whereby lymphoma cells 
placed inside a millipore chamber die when antibody is injected into the 
animal. A strict compliance with H-2 compatibility holds for the bulk of 
tumors and forms the basis for the laws of transplantation. : 

Two broad categories of tumors are exceptional. One of these is also 
fairly easy to define, and includes such well-known tumors as the Ehrlich, 
Krebs, and a variant of TA-3. These usually violate all genetic barriers, and 
immunization against them is difficult. Some obviously possess antigenicity, 
for example, the hyperdiploid Ehrlich,” ** but their antigenicity follows ne 
known distribution and probably differs from clone to clone. These tumors 
are aneuploid and, in the chromosomal upheaval that has occurred, one 
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ust suppose that the normal metabolic processes that lead to the formation 
f antigens have been disrupted, or else that a loss, imbalance, or mutation 
as involved the genes controlling antigenicity. The reason for their lack 
f specificity is that they do not elicit an adequate immune response rather 
han intrinsic resistance to antibody. Between these two groups is a third, 
etaining partial specificity but able to grow either in most members of a few 
trains (for example, A lymphoma No. 1) or in a variable proportion of a 
umber of strains (for example, MC1M). 

Recently derived tumors may contain cells differing widely from one 
nother.2® *° Transplantation is selective, and the cells that grow rapidly 
ind do not stimulate an effective host response will predominate. A minority 
of other types of cells may persist and emerge when the environment becomes 
more favorable to them. Increase in growth rate, more rapid killing of the 
lost, and simplification of genetic requirements usually develop progressively, 
but not necessarily simultaneously, as the tumor is transplanted. These 
hanges may be the result of mutations, but there is evidence that the modi- 
cation in genetic requirements may result from a functional suppression of 
intigens rather than a true mutational loss. As H-2-compatible backcross 
nice are unable to react against the non-H-2 antigens before being killed by 
he tumor, it is obvious that the antigens are no longer effective. That they 
still persist may be demonstrated in certain instances by triggering the 
immune mechanism of the host with a small amount of blood before injecting 
the tumor. The percentage of pretreated animals that develop tumors falls 
11 astically.§4 In the same way, the first injection of a well-defined single-fac- 


6 


or tumor such as A No. 2 into an incompatible mouse results in the forma- 
fion of detectable H-2 antibodies only; the feeble antigenicity of the sup- 
pressed loci is, however, sufficient to trigger a more comprehensive response 
and, upon subsequent inoculations in the same host, other types of anti- 
bodies are also formed. ‘This suppression is what one would expect if alter- 
nate metabolic pathways were available. The opening up of metabolic short 
<yts could be correlated with an increase in growth rate and should be con- 
dered an adaptation to parasitism.” The metabolites of the H-2 region 
would appear to be more essential to the normal functioning of the cell 
because they are consistently formed in relatively normal amounts until the 
cell establishes a completely new chromosomal balance in aneuploidy.** 

_ From its originally complex state with a dependence upon the functioning 
of a large number of genes, the tumor arrives at a state where the only 
expressed histocompatibility factors are H-2’s, although occult non-H-2 
factors may still be carried. Some time after the tumor has arrived at the 
single-factor stage it may begin to kill in a certain percentage of a few foreign 
strains, DBA/1 being one of the most sensitive. The reasons for variation 
in the efficiency of the host defense have been little studied, but are pertinent 
and unexplained. From the work of Kaliss*4 and of Gorer*® we know that 
certain concentrations of antibody may actually enhance tumor growth, 
whereas higher concentrations will inhibit. Anything that will delay or 
minimize antibody production may therefore be doubly beneficial to tumor 
growth. Many of the tumors of limited specificity may be feebly antigenic. 
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A-strain lymphoma No. 1 will grow in A and DBA/2. It is less efficient at 
absorbing anti-D or anti-K than its strain-specific companion A No. 2 (simi+ 
larly X ray-induced in a litter mate), and gives a slower antibody responses 
although, with repeated injections, the titers of antibodies against the two 
may be almost the same. L No. 1 appears to be even more deficient in the 
antigen K than it is in D, which may explain its greater compatibility for 
the DBA/2 strain than for, say, C3H. a 
Another known mechanism for genetic violation involves the coincidence 
of two different populations ina tumor. The variant of 6C3HED, adapted 
through a process of immunoselection to grow in DBA/2,** has two pre-: 
dominant cell types. The majority of the cells in the original tumor are near 
diploid; grown in DBA, near tetraploid. The tetraploid cell is a feeble 
antigen, the more antigenic diploid population persists in very low concen-- 
tration, and probably does not offer an adequate antigenic stimulus to ai 
mouse already in a state of precarious nutritional balance with the masses off 
tetraploid cells it bears. When the tumor is returned to C3H, diploid cells: 
gradually outgrow the tetraploid, and a parallel increase in antigenicity is 
observed. ; 
Dual populations may exist in other tumors, but the expansion of a less 
antigenic at the expense of a more antigenic population is probably not the: 
only way in which the cytotoxic activity of a serum can be nullified. Surface 
modifications, either by combination with a blocking antibody or by adsorp-. 
tion of foreign protein, are possible. Even for sensitive cells, differences in 
lytic threshold for different tumor populations exist; E.L.4 is much more 
sensitive to antibody than, for example, 6C3HED, and lysis by antibody of 
MC1M appears to proceed more slowly than lysis of most other tumors. 
Antigenic loss is one known factor in loss of specificity, but each tumor is a 
composite mass of differing and varying cell types, and no single conclusion 
is likely to have a general application either to all tumors or even to all cells 
of a single tumor. ; 
It is hoped that a study of the antigenic relationships and antigenic varia 
bility within tumors will be accelerated by the detection of some of the newer 
antigens and that it will be possible to place some of these factors in definite 
linkage groups. : 
Summary : 
A number of sublines and strains closely related to C3H/St have been 
typed serologically. With the exception of C/St, which is H-2q and has 
probably derived its H-2 antigens from its DBA parent, the strains and 
sublines are all H-2k. 
Serologic differences, not at the H-2 region, exist between C3H/He and 
CHI on the one hand, and between C3H/St and CBA/St on the other. 
These differences have been partially analyzed and the probable distribution 
of three antigens tabulated. A fourth antigen was found in the tumor 
6C3HED which, although shared by the red cells and tissues of three other 
strains, was only feebly present in C3H. Four C3H tumors were found to 
exhibit differences in their transplantability and in some serologic characters. 
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ROLE OF CHROMOSOMES IN CANCEROGENESIS, AS STUDIED IN} 
SERIAL TISSUE CULTURE OF MAMMALIAN CELLS* 
By Albert Levan : 


University of Lund, Lund, Sweden, and the Sloan-Kettering Institute for Cancer Research, 
New York, N.Y. 


and 
John J. Biesele 


Sloan-Kettering Institute for Cancer Research, and the Sloan-Kettering Division, 
Cornell University Medical College, New York, N. Y. : 


Introduction 


Basing our views on observations of chromosomal behavior in cancers and! 
following the classical views of Boveri, Winge, and others, we tend to regard! 
the development of malignancy as a process of selection on the cellular level! 
that favors cells with the acquired capacity of escaping the control of the host} 
organism. The regular appearance of new karyotypes in cancer stemlines : 
supports this view. In our opinion the significant feature in some kinds of| 
cancerogenesis is the induction of genotypic variability. Any random geno>| 
type variation within a tissue may in time produce cells capable of neo- 
plastic growth. Many facts indicate that the genotypic changes leading | 
to this end are highly complex. Therefore, considerable experimentation 
with various genotypes will be necessary, and the transition from normal cells 
over precancerous to malignant cells will be floating. Natural selection 
within the cell population should automatically lead to cells with ever-greater 
independence of the host control. Because gross chromosomal disturbances 
and somatic segregation for chromatid and subchromatid changes will take 
place at mitosis, it is evident that any chromosomal instability will have af 
especially strong effect in tissues with high mitotic activity. i 

According to this view any mutagenic agent could be carcinogenic, pro- 
vided the mutagenic action is extended over many mitotic cycles. Even one 
single exposure to X radiation would thus have a chance to bring about this 
effect if a specific type of mutation is induced in either the nucleus or th 
cytoplasm, that is, a mutation giving a permanent increase in mutability in 
all cells carrying this gene. This view is compatible with the chemical induc 
tion of cancer and perhaps will turn out to be so with the viral induction and 
transfer of the disease. } 

The change in environment connected with the explantation of mammalian 
cells from their normal position in the body into culture im vitro is indeed a 
drastic one. The fact that a high percentage of cells may survive such a 
change and may even start reproduction under the new conditions is good 
evidence of the considerable adaptability of mammalian cells. In many 


* The work reported in this paper was supported in part by an institutional grant from 
the American Cancer Society, Inc., New York, N. Y., and by Research Grants C-3020 
and CY-3192 from the National Cancer Institute, Public Health Service, Bethesda, Md. 
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ases the adaptability is only temporary, and the tissue culture dies off after 
a few serial transfers. In other cases, however, a number of transfer gen- 
erations with sluggish growth is succeeded by recovery and even increase of 
he cellular growth and multiplication rate. The tissue culture develops into 
a Cell strain capable of indefinite survival in vitro. Instances are known when 
such cell strains have been carried serially for hundreds of transplant gen- 
erations. Thus some strains of Gey (Gey ef al., 1954) have been carried in 
dtro for more than 15 years and, at the National Cancer Institute (Earle et al., 
1956), some clonal strains have likewise been carried for years. It may be 
safely assumed that such cells have undergone significant changes and deviate 
fundamentally from their original state. Actually, their development has 
been from an existence as integrated parts of a multicellular soma toward 
he habit of microorganisms living independently. 

“One especially interesting change, demonstrated often to coincide with 
the establishment of the capacity for indeterminate growth in vitro, is the 
acquirement of malignant properties, made evident on inoculation of the 
cell strain in vivo. Realization of this fact, repeatedly encountered during 
recent years, makes mammalian tissue cultures a convenient and very wel- 
some means for the study of premalignant stages, which are otherwise highly 
elusive of analysis. 

_ The present investigation was planned as a study of the behavior of mitoses 
and chromosomes during serial transfer of tissue cultures, starting from the 
first mitosis occurring after explantation of the normal tissue and continuing 
until a change in the direction of malignancy was attained. We know that 
mormal tissues im sitw are characterized by a pronounced stability with 
tespect to chromosomes. It is true that a certain incidence of endomitosis 
and probably other polyploidogenic mechanisms is typical of specific tissues, 
which accordingly will contain a fraction of cells with doubled or more highly 
multiplied chromosome number; but variations by parts of genomes, includ- 
ing intrachromosomal variations, are of little significance in normal tissues. 
We know also that malignancy is often accompanied by a loosening of 
chromosomal and mitotic constancy, variations both by single chromosomes 
and by parts of chromosomes being frequent. Little is known of the chromo- 
some behavior between these two extreme conditions, that is, between the 
normal cell and the fully malignant cell, except for early responses of cells 
to carcinogenic hydrocarbons (reviewed by Biesele ef al., 1956). The present 
investigation was undertaken to help fill this gap. 

The following alternative interpretations have been anticipated: (1) 
chromosomal instability in cancer tissue is merely a consequence of the 
malignant condition, and (2) cancer is the consequence of the earlier break- 
of chromosomal constancy. Our working hypothesis was that the 
change in environment involved in the growth in vitro would induce a geno- 
typic variation. Thus becoming genetically heterogeneous, the cell popu- 
lation would form the material for selection leading to genetic adaptation 
of the cells for the new environment. It seemed reasonable that genetic 
adaptation to independent growth in vitro should often, although by no means 
always, condition the tissue in the direction of malignancy. Consequently, 
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we believe this approach will have a bearing also on the chromosome situation 
when cancer develops in situ. } 


Material and Methods 


Our choice of material was between human or murine cells for tissue cul: 
ture. While the former undoubtedly would have greater general interes 
for the cancer problem, the murine cells have many practical advantages 
These include (1) the availability of inbred strains from which to start tissu 
cultures, (2) the possibility of challenging hosts of identical genotype with 
inocula of these tissue cultures, and (3) the structure of the mouse karyotyE 
with its 40 chromosome arms all present as telocentric chromosomes a 1c 
thus better suited for the detection of chromosomal changes than the karyo 
type of man, with its 92 arms joined into biarmed chromosomes of a great 
variety of types. Although we have experiments running also with humari 
tissue cultures, the present report is based exclusively on murine material. | 

The tissue cultures were grown in a synthetic medium (Eagle, 1955) with 
added horse serum and, sometimes, chick embryo extract. For chromosome 
study, cells were grown on coverslips in Leighton tubes. q 

For the chromosome study, 2 different techniques were employed: . 

(1): The cells growing on the coverslips were fixed with alcohol-acetic acic 
and stained with the Feulgen nucleal reaction. This procedure has beer 
used extensively for chemotherapeutic screening tests in the Sloan-Kettering 
Institute for Cancer Research. It is favorable for the detection of mitotic 
irregularities; our recordings of anaphase disturbances were made exclusively 
on such preparations. 5 

(2) Cells grown on coverslips were treated for 1 hour before fixation with 
a colchicine concentration of about 10-* mole/l. Immediately before fixa- 
tion the cells were treated for a few minutes with hypotonic sodium citrate 
(generally 0.5 per cent solution for 3 to 10 min. gave good results, but concen- 
tration and time of treatment must be tested for each material). The cover- 
slip with the cells was then placed on a droplet of acetic orcein (2 per cen! 
orcein in 70 per cent acetic acid) on a siliconed slide. The staining wa: 
controlled under the microscope. When the chromosomes had taken ai 
the cells were squashed under constant microscopic control, the appearan 
of promising chromosome groups being followed during the squashing 
Tissue cultures are much more sensitive to squashing than solid tissues 0 
ascites cells. By this method complete analysis of the chromosomes of sepa 
rate cells was feasible. This technique, which takes advantage of the tend 
ency of the cells to flatten out when grown on the coverslip, is a considerabl 
improvement over the one earlier described (Levan, 1956a). The mos 
significant factor is the behavior of the staining solution, which must no 
form a precipitate with the citrate remaining in the cells. We do not knoy 
why some staining solutions are good, while others are useless. Addin; 
citrate to the stain and then filtering seems to condition the stain favorably 
Usually, newly prepared staining solutions are unfavorable, while those store 
for at least one month act better. ) 

With these two techniques, we arrived at two different aspects: the forme 
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shnique gave information about mitotic behavior, and the latter permitted 

_ understanding of the karyotype responses to mitotic irregularities. 
fogether, they gave a consistent idea of the chromosomal events within the 
alls consequent to their explantation and serial passage in vitro. 


The Mitotic Irregularities: Instruments of Cellular Adaptation 


Note on the mitotic frequency. Cultures of normal mouse tissues are not 
isily workable for chromosome study. For the most part, their mitotic 
equency is lower than that of cultured tumor tissue, and their chromosomes 
ave a great tendency toward stickiness and are highly sensitive to handling. 
sually a lag period follows the explantation of a suspension of normal cells. 
uring this period the cells settle on the coverslip, flatten out, and adjust 
emselves to the glass surface, but do not enter mitosis. The lag period is 
specially evident after trypsinization, when it sometimes lasts longer than a 
eek. ‘After mechanical mincing, on the other hand, there may never be 
ay mitosis-free period, solitary mitoses occurring from the start of the 
Iture. Normally, mitoses appear and increase in number after 1 or 2 days 
nd then again fade as the medium is exhausted. After refeeding the culture 
“maximum of mitoses is reached, usually on the day after the refeeding. 
fhe maximum is especially pronounced if the feeding medium contains 
0 per cent chick embryo extract. Occasionally one may obtain mitotic 
idices of 4 to 5 per cent, which are very high for early passages of normal 
ssue. The most favorable day for chromosome fixation is the day after 
ing. 
nore 1 summarizes mitotic indices for some of the freshly set up cultures 
skin and brain tissue. In every case a mitotic maximum is reached 1 or 
. days after feeding of the cultures. 


17% 


TABLE 1 
Mrrotic INDEX OF CULTURED CELLS OF NORMAL TISSUES 


Ss Days after start of experiment 

Plissue Treatment | EXP- 

a: No. 

ee 1 2 3 4 5 6 7 8 
ee: B 

kin eR Trypsin 3hr. | 36 | 0.4] 1.0/1.7] 0.6-£ | 2.1 | 0.3) 0.2] 0.1 
a. Sea ae 

rain...... No trypsin f10Meesiele Sey Le S119 Bi) 208 1031S | Dea) 186 
irdin...... Prypsin dS br. (108 | 0:8 O.S} 1.5) 1.1.°S | 3.5) [01.3] 2.1) — 
eain...... Trypsin 3 hr. | 111] — | 0.3/0.6/0.2 # | 2.6 | 2.5] 1.1] 0.5 
Mean: .. No trypsin 208 | 0.0) 1.0/1.2} 1.2 3 | 2.5 | 2.1) 3.0) — 
rain. eee Trypsin 3 hr. | 207 | 0.3 | 0.0/ 1.6/1.4 © PUGLN | eI T AN) Phe tall 
ae 


- ‘Twenty per cent chick embryo extract. 


On the successful passage of the first generation, a second generation is 
rmed; this usually grows more slowly and has a lower mitotic index than 
first generation. A decidedly sluggish growth is usually characteristic 
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of a number of subsequent transplant generations, and many of the cultu 
die off during this period. We have followed brain tissue, liver, and spleer 
for 2 to 3 transplant generations, but only in the case of skin tissue have we 
succeeded in getting past the period of sluggish growth. As described 
greater detail below, one skin culture (experiment 76) has been followé 
through 36 generations. From approximately generation 15 this culture 
started growing rapidly, and its mitotic frequency increased to the leve: 
typical of tumor tissue cultures. In fact, its behavior suddenly started 
resemble that of the Foley strain of mouse sarcoma 180, which we also carr 
in culture. Fortunately, its karyotype is entirely different from that of tha 
Foley strain, so suspicions of contamination with this tumor could be ruled 
out. Others of our skin cultures are in generation 10 at the time of writin 
and still grow very hesitantly. |. 
The frequency of irregular mitoses. We were surprised to find, in every; 
culture examined, a number of cells showing chromosomal irregularities: 
In order to arrive at an estimate of the frequency of these irregularities we 
studied all anaphases and telophases in the slides of certain experiments: 
Only slides prepared according to the Feulgen method were used for this 
purpose. The cells in this case had undergone no vital pretreatment before 
fixation. 
In the following, cells with abnormal anaphases and telophases are recorded 
as percentages of the total number of cells at these stages (%AA). As is 
brought out in greater detail in the next section, the %AA involves a general- 
ization, combining under one heading every chromosome irregularity appar- 
ent toward the end of the mitotic cycle. Thus, the disturbances, here 
called AA, range from nondisjunction and vagabonding of entire chromo- 
somes to the appearance of acentric and dicentric chromosomes and chroma- 
tids. They comprise both numerical and structural irregularities. Since oul 
aim was to estimate the significance of mitotic irregularities in the creation 
of genotypic variation in the tissue cultures, we tried to include in the AA 
all disturbances that may contribute to this end. : 
Although our %AA thus takes into account all visible anaphasic anc 
telophasic abnormalities, it will certainly always give a minimum representa 
tion of the real genotypic variation in the tissue culture. Only specifi 
classes of structural rearrangement will be visible at anaphase. Also, sin 
many of the recorded cases involve morphologically highly insignifican 
changes, which are really on the border of visibility, the occurrence of man} 
similar changes may be assumed to elude observation. For evolutionary 
trends, the morphologically most insignificant changes must be consideret 
the most promising ones. | 
In the present section a few experiments are analyzed as to their %AA 
TABLE 2 gives these data for experiment 36, the third generation of an embry 
onic skin culture after trypsinization. It appears that, of 872 cells, 11 pe 
cae abnormal. In the separate cultures the %AA varied from 4, 
o 18.9. ; 
In embryonic skin a considerable fraction of the nuclei is ordinarily ¢ 
larger size, and a corresponding proportion of the mitoses accordingly 
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étraploid or octoploid. This was also the case in the explanted skin tissue. 
\n attempt was made in some of the cultures to divide the recorded %AA 
to diploid and tetraploid cells, respectively. As seen from the last column 
TABLE 2, the %AA was considerably higher in the tetraploid cells. 

The result of similar analyses of some experiments with embryonic brain 
ells is recorded in TABLE 3. Experiments 110 and 111 of this table were 
ollowed through 2 generations. Both at the original explantation and at 
he transfer to generation 2, the cells of experiment 110 were handled without 
ypsin, while those of experiment 111 were trypsinized both times. The 
able indicates one striking fact: experiment 110, with its mechanically 
inced tissue, has a persistently lower frequency of AA. The %AAis1 to 5 


TABLE 2 
%AA OF THE THIRD TRANSPLANT GENERATION OF EXPERIMENT 36 
- (EMBRYONIC SKIN CELLS) 

Day after start of exp.| Culture number | %AA_ | Number of cells examined 
2 5 9.8 82 
7 11.3 106 
8 8.0 100 
3 9 Whale) 56 
10 7.8 102 
12 AYP 41 
5 il) Dee) 106 
19 18.9 160 
20 4.6 86 
6 23 Ail 33 
CGE Lene rare cae ee 10.9 872 
MeO tal e925) nts otra ee 9.1 547 
Be Dotal* 4x; ... cscs eee 24.4 78 


_ * Cultures Nos. 7, 8, and 12 excluded. 


n this experiment, while it is about three times higher (8 to 18 per cent) in 
experiment 111, set up with trypsinization. These results suggest that the 
trypsin treatment may involve a potent mutagenic action. It should be 
mentioned, however, that the conditions of experiments 110 and 111 differed 
in respects other than the use of trypsin. Experiment 110 was planned as 
1 control and was treated as mildly as possible. Consequently, the cells 
were planted directly after the mincing, while the cells of experiments 108 
and 111 were digested with the trypsin under stirring for 1.5 and 3 hours, 
respectively. ; 
- For testing whether the difference would persist even if the control cells 
were stirred with normal medium for the same length of time as the cells 
of the trypsin series were stirred with the trypsin solution, experiments 207 
and 208 were planned. Embryonic brain tissue was homogenized, and the 
5001 of cells thus obtained was divided into 2 lots, one of which was digested 
sx 3 hours with trypsin; the other was left for the same time in medium 


iat 
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without trypsin. Both were stirred magnetically for the entire digestio 
time. The result of these experiments is seen in TABLE 4. It is clearl 
indicated that the trypsinized cultures, even in these experiments, had : 
higher %AA than the nontrypsinized cultures. 
TABLE 5 is a summary of our data on this remarkable difference in %A/ 
between trypsin and no trypsin. Although a certain overlapping of th: 
TABLE 3 


%AA OF THE First GENERATION OF EXPERIMENT 108, AND OF THE First AND SEC 5 
GENERATIONS OF EXPERIMENTS 110 anp 111 (EmBryonric Brain CELLS) 


Experiment | _ Experiment Experiment 
Generation ee eee paler: 110, 108, 111, 
6 no trypsin | trypsin 1.5hr. | trypsin 3 hr. : 
1 1 7 3.0 12.0 13.0 
1 8 5:0 14.0 15.0 @ 
2 9 1.0 21.0 16.0 — 
2 10 220 12:0 15.0 @ 
= = | 
PNVETAPC. sore. < qua seat a. aor eae eee 2e8 14.8 14.8 # 
2 (Before feeding) 15 3.3 wat 8.0 9 
(Before feeding) 16 4.2 — 16.0 @ 
(Before feeding) 17 — — 18.0 @ 
(Before feeding) 18 2.4 -~ 16.0 
1 19 — — 13.0 @ 
1 20 — = 13.0 @ 
SE ee pe 
iA ER DENE AAs ec otk 3.3 a 14.0 | 
Motal Average: Vee hie Sek alee ras 340) 14.8 14.3 
Number of cells examined................ 496 300 1000 
Ea 
TABLE 4 i 


%AA OF THE First GENERATION OF EXPERIMENTS 207 AND 208 (EMBRYONIC BRAIN CELLS 


x 


salt 


Days after Culture Experiment 208, | Experiment 207, 1 
feeding number no trypsin trypsin 3 hr. . 
(Before feeding) 5 4.2 10.9 { 
(Before feeding) 6 4.2 14.3 } 
(Before feeding) 7 6.9 23.9 ! 
(Before feeding) 8 8.6 8.6 ‘ 

1 9 2.2 16.0 } 

1 10 3.8 8.6 

2 11 2.0 13.0 : 

2 12 4.0 10.5 . 

3 13 3.2 9.9 7 

3 14 8.0 10.0 4 

AVGrages. ce torent tne eee 4.7 
Number of cells examined........... 670 a6 : : 
1 
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TABLE 5 
SUMMARY OF %AA in NONTRYPSINIZED AND TRYPSINIZED CULTURES OF 
EXPERIMENTS 36, 108, 110, 111, 114, 115, 207, anv 208 


HAA 


Total | Average 
Treat t S 
oe samples| %AA 


0-5 | 5-10 | 10-15} 15-20] 20-25 


No trypsin........ 14 7 — — “= 21 
BURY PSI)... «a us aed 1 8 15 8 2 34 


—_ 
Soe 
CO 


2 distribution series is found in the region of 5 to 10% AA, without doubt 
bur results show a greater tendency to AA after trypsin treatment than 
ter manual mincing. Since trypsinization, performed in one way or 
mother, is a standard procedure in some modern tissue culture techniques, 
both in setting up original explants and in making transfers, our results are 
nighly suggestive. If trypsinization is in reality equal to a powerful muta- 
renic treatment, it will increase the genotypic variation of the culture. This 
aeans a richer material for selection and improved chances for survival of 
he culture. Trypsinization, now so popular in tissue culture work, may 
lave a twofold action: (1) in helping to establish new cell strains from tissue 
-ultures, and (2) in enhancing the departure from the cell type of the normal 
issue of origin. 
“On the suggestion of W. Nowinski, we made a preliminary experiment 
substituting hyaluronidase for trypsin as a means of obtaining separate cells 
M suspension. We used a pharmacological preparation called Alidase* 


TABLE 6 
Joh A OF THE First GENERATION OF EXPERIMENTS 114 anp 115 (Empryonic BRAIN CELLS) 


—— 


Days after Culture Experiment 114, | Experiment 115, 
last feeding number no hyaluronidase | hyaluronidase 


3 5 6.5 
3 6 2.9 
1 7 0.9 
1 8 6.3 
PR VCTA RE Ty ANI a, are oe es edichs evs oe 4.2 
Total number of cells examined... 296 


i 


MEL 


i : : 
f a concentration of 25 viscosity units/cc. As seen in TABLE 6, no difference 


on %AA is indicated between the control and the cultures treated with 
yaluronidase. The values for both series, however, seem to be somewhat 
igher than in the controls of preceding experiments. We do not know the 

lative efficiencies of our concentration of hyaluronidase and our concen- 
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tration of trypsin in separating cells. This question will be studied with a 
tissue such as skin, in which the cells are joined into a tougher texture thar: 
are brain cells. The results of the present experiment are given solely a 
instances of AA frequencies. 

In summing up this section, it may be stated that, even with the mildest 
conditions of preparation, newly set up tissue cultures will exhibit a con; 
siderable frequency of mitotic disturbances. Evidently there is an unavoid4 
able “background” mutation rate, which may be raised by changing th 
environment, as, for instance, by exposing the cells to trypsin. 


TABLE 7 
OccURRENCE OF DIFFERENT TYPES OF AA, AS OBSERVED IN THE 
First THREE GENERATIONS OF TISSUE CULTURES 


Total 


Abnormal anaphases Trypsin | No trypsin + pies Percentages § 


With acentrics alone 


One ACentriCsa. se.5 te eet 178 
Two paired, of equal length........... 46 
Two, nonpaired, or more.........---- 64 
Total AA with acentrics............---- 288 
With bridges 
One bridges Ar srs mrcgtolvne, 1 oe ears 36 
One bridge and one acentric........... 20 
One pseudochiasma.........-.--++-+5 11 
Two or more bridges, with acentrics. . . 29 
otal WAL With DIAgeesy <a a ai<i4\a aster es 96 
Grand totals. 2 aia: cists srasarovs biopsy «or ehelsineos 384 


The morphology of irregular mitoses. Instances of the chromosomal dis 
turbances discussed in the preceding section are pictured in FIGURES 1 and 4 
All cases recorded are summarized in TABLE 7, with an attempt at ce 
classification. The changes range from very small, hardly visible acentri 
fragments which, genetically, should mean small deletions, to highly drasti 
changes in which most of the chromosome complement is engaged in stru 
tural rearrangements. 

The most common change, representing 44 per cent of all disturbances, i 


the presence of an acentric fragment between the anaphase groups, or a micré 
nucleus outside the telophase nuclei. The excluded body may vary in siz 
from extremely small to huge, in some cases reaching the combined lengt 
of 2 chromosomes (FIGURES 1a-1e). In this group, cases of 1 vagrant chrome 
some also have been included; these arise from spindle failure, not frot 
structural change. A specific type of acentric fragment is the group wit 
paired symmetrical fragments (FIGURES 1w, 1ii, 1rr, and 2m) or 1 fragmer 
folded together at the middle (FIGURE 1m). This type indicates an earl 
break before the chromosomes have begun reacting as double. Exceptional 


Levan & Biesele: Chromosomes in Cancerogenesis 1031 


ring-shaped acentric fragments are observed (ricuRE 1s). Cells with 2 or 
more fragments are common (FIGURES 1h-1j). Some of these cases also 
may include vagrant whole chromosomes. Cells with chromosome bodies 
outside the developing daughter nuclei represent 73 per cent of all irregu- 
larities recorded. 

The remaining 27 per cent are cells with bridge formations. One bridge 
without fragment (FIGURES 16b-1ee) or one with an acentric fragment 
(FIGURES 1z, 2a) make up 17 per cent of the cases. Approximately 7.5 per 
cent had 2 or more bridges and usually, in addition, several fragments. In 
the latter group are included some highly drastic changes that are occasionally 
seen (FIGURES loo, 1rr, 2f-21). A characteristic case among bridge forma- 
tions is that of crisscross bridges, indicating presplit interchromosomal trans- 
locations (FIGURE 1jj)._ Typical pseudochiasmata were repeatedly observed 
(FIGURES 1u, 1v, 2d, 2e). They are comparatively rare, however, repre- 
senting only 3 per cent of all disturbances. 

_In addition to the purely structural disturbances, there is (as indicated 
above) also a variation with whole, unchanged chromosomes, that is, a 
numerical variation. Apart from vagrant chromosomes, classified in TABLE 7 
together with the acentrics, among the cells examined, about 20 with serious 
spindle disturbances, such as multipolarity, were recorded. 

‘Considered in its entirety, evidence collected from the first and second 

transplant generations of mouse cells in tissue culture indicates that all kinds 
‘of mutation processes are at work, resulting in numerical and structural 
chromosome changes. It has been shown that these processes may affect 
even the first mitoses after the isolation of the tissue from the host body. 
Insofar as we know, the normal tissue at the moment of explantation con- 
sists of cells with the same chromosome complement (with possibly a number 
of doubled cells present) or, genetically speaking, belonging to the same (or 
the autotetraploid) biotype. The mutation processes, starting in the tissue 
mmediately after its explantation, theoretically may lead to one of the 
alternative conditions: (1) status quo may be maintained in the tissue because 
of a rigorous antiselection against any changed genotype, or (2) some of the 
altered genotypes may survive, the tissue changing into a population com- 
posed of different biotypes. If the first alternative were true, cancer might 
never have developed. On the contrary, changed cells may survive and 
new deviating karyotypes may appear in the tissue culture soon after its 
explantation. 
The genetic diversity thus induced in the tissue culture will increase 
steadily as new aberrations are continuously released by the mitotic mutation 
process. This situation prevails either until the tissue culture fades out or 
until some truly superior cells happen to appear. These genotypes will then 
outgrow all less viable types, and the tissue culture will again enter a period 
of relative homogeneity. This homogeneity will be of a nature other than 
that of the original normal tissue, resulting from the superiority of a certain 
chromosomal constellation, a superiority always challenged, always to be 
act The relatively static conditions of the normal tissue have been 
succeeded by the dynamic equilibria of cancer tissue. 
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Ficure 1. Forty-four cases of abnormal postmetaphases of, first-generation tissu 
cultures of embryonic mouse brain, fixed 1 or 2 days after refeeding. All, except a, s, am 
jj, are from 2 comparative experiments: 110 (no trypsin) and 111 (trypsin). Eleven o 
the cases (e, f, i, 1, m, q, 0, ee, gg, ii, pp) are all AA’s found among 400 postmetaphase 
studied in experiment 110 (%AA = 2.8), while 28 of the remaining 30 cases are all AA’ 
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The disturbances 
an acentric ring (s), 


found among 200 postmetaphases of experiment 111 (%AA = 14.0). 
Tr). 


include acentrics (a to 7), bridges with or without acentrics (aa to mn), 
‘crisscross bridges (jj), pseudochiasmata (0 and y), and extreme rearrangements (00, 99, 


Be ccaoy, fixation, Feulgen stain. 1900. 
ey 
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Ficure 2. (a—l) Instances of various anaphase disturbances; (m and n) 2 c-metaphases; 
(a-c, f-l) bridges and acentrics; (f-i and j-1) 2 cells at different foci; (d-e) pseudochiasmata; 
(m) 1 triradiate; () extreme chromosome rearrangements, (a-l) Carnoy fixation, Feulgen 
stain; (mand m) acetic orcein. 1000. FicuRE 2n is reproduced by permission from J. J. 
Biesele, Mitotic Poisons and the Cancer Problem, Elsevier Publ. Co., 1958, page 93. 
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The New Karyotypes: Steps in Cellular Adaptation 


If some of the mitotic disturbances studied in the preceding section lead 

to viable cells capable of reproduction, we should expect to find, from the 
very beginning of the iz vitro culture, metaphases with deviating chromo- 
some numbers and chromosome types. With the aid of the acetic orcein 
technique described above, we were able to obtain idiogram analyses of 
entire cells. 
_ Embryonic skin tissue. Tissue cultures of embryonic skin proved very 
favorable for chromosome examination. The average chromosome shape, 
which varies from tissue to tissue, is delicate and slender, chromosome details 
being very clear. The early generations were studied in four experiments. 
Thus far, later generations have been accessible in only one experiment. 


TABLE 8 
74 DiIPLompy AND POLYPLOIDY IN SKIN CULTURES 


Percentage 
5 Experiment | Generation Number of 
- number number cells examined 
e +2x | +4x | +8x | +16x 
80 1 65 31 4 0 110 
81 1 37 52 dt: 0 52 
ee 90 1 53 26 21 0 19 
aA 4 21 79 0 0 14 
z 91 1 Se wites 9 0 96 
2 29 71 0 0 7 
of 4 24 58 18 0 17 
hg 76 a) FS ll ean i 2 28 
; 11 8 74 17 1 72 
16 0 91 5 4 43 
3 17 0 87 13 0 23; 
18 0 79 1 10 19 
. 19 0 90 7 3 29 


fe The presence of a high frequency of approximately tetraploid cells and 
‘also of a fair number of cells with octoploid and still higher chromosome 
“numbers is characteristic of the explant generation of the skin cultures. This 
‘is a direct consequence of the condition of skin tissue im situ, for it contains 
a considerable proportion of giant nuclei. TABLE 8 and FIGURE 3 show the 
frequency of metaphases on the different ploidy steps in the culture exam- 
ned. In three cases, generation 1 contains a majority of diploid mitoses, 
‘but in one case the polyploid mitoses are already more frequent at this stage. 
In the samples of generation 4 examined, there is a clear tendency of the 
polyploid fraction of mitoses to increase in number. This tendency is even 
‘more clearly defined in generations 9 and 11 of experiment 76, the only one 
‘carried that long. By the time this latter experiment could be examined 
again (that is, in generation 16), the diploid fraction had totally disappeared. 
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This change occurred during the period when this culture had begun growing 
with greater speed. Samples from later generations have never contained 
any mitoses from the diploid range of chromosome number. 

However, the five cultures of skin cells examined undoubtedly follow a 
certain pattern in their development during serial growth in vitro. The 
diploid region loses in importance for each transplant generation in favor of 
the tetraploid region, which eventually comes to predominate completely. 
When a vigorously growing cell line is finally formed, its stemline is selected 
from the tetraploid region. This development, with respect to the dis- 
appearance of diploidy, is represented in FIGURE 3. It should be observed 
that this pattern is typical of the present material, which thus far is fairly 
meager, and other patterns may quite possibly appear on other occasions. 


“N 
ie) 


ao 
[o) 


oO 2 4 6 8 10) 127 44 1G) Nees 20 
- GENERATION NUMBER 


PER CENT DIPLOID METAPHASES 


Ficure 3. Disappearance of diploidy from skin cultures. 


_ It was possible to go somewhat beyond the general pattern now described, 
because many metaphases were good enough to allow exact chromosome 
counts. In TABLE 9 exact counts have been compiled for the different stages 
of serial transplantation of the skin cultures: generations 1 to 4 represent 
the chromosome numbers soon after the explantation; generations 9 to 11, 
the period of sluggish growth; and the last samples, from generation 16 on, 
are from the period after the shift into a cell line had occurred. 
It is an interesting fact that during early generations euploid numbers pre- 
dominate, at generations 1 to 4 the diploid number, and at generations 9 to” 
11 the tetraploid number. After the shift into a cell line, euploid numbers 
are respresented no more often than adjoining numbers, and the role of 
euploidy as a carrier of superior viability has expired, certain aneuploid 
numbers now being equally viable or superior. Aneuploid numbers are 
present from the beginning. In the diploid region we found 2x — 1 as well 
as 2x + 1 and 2x + 2, and in the tetraploid region there is a clear tendency 
to variation downward from the tetraploid number. It is from the hypo- 
tetraploid region that the new stemline develops later. Between generations 
16 and 23 the chromosome number range is very wide (53 to 95). There is” 
a tendency to bimodality, one mode being between 60 and 70, the other 
between 70 and 80. The next chromosome counts available were from 
-generations 35 and 36. Here the distribution has narrowed down con- 
siderably, a very pronounced mode, comprising 70 per cent of all cells, being 
present in the region from 74 to 77. It was to be expected, of course, as 
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favorable mutations accumulated in a certain chromosome number, that the 
numerical variation would become more concentrated, as usually happens 
with well-established, transferable cell lines and tumors. i 

The tissue cultures of experiment 76 were tested for in vivo transplantability 
from generations 18, 22, 23, 26, and 33. These experiments will be described 
in greater detail elsewhere; for the present we need mention only that the first 
positive result was with generation 22, from which a tumor was grown and 
later diagnosed by Fred Stewart and Fred Shipkey of the Pathology Depart- 
ment of Memorial Center for Cancer and Allied Diseases, New York, N. Y.,, 
as a spindle cell sarcoma (FIGURE 4). Later, other samples from the cultures; 
of experiment 76 gave tumor growth. The tumors were transplantable 
from animal to animal and have been re-explanted in vi#ro. 

The last line of TABLE 9 reports 25 counts from a tissue culture explanted | 
from a second-generation in vivo growth, started im vivo from generation 22 | 
in vitro. It is of very great interest that the chromosome numbers of this | 
culture show a narrow distribution in the sixties, being thus quite distinct : 
from the continuous im vitro cultures. It seems that the existence im viv0 | 
has selected the lower of the two chromosome number modes mentioned | 
above, while the continued growth in vitro has evidently favored the higher | 
mode. : 

The appearance of the chromosomes in some cells from the skin cultures, 
may be seen in FIGURE 5: a, b, and ¢ are instances of metaphase plates from | 
the diploid region with 39, 41, and 40 chromosomes, respectively; # and k 
are hypotetraploid plates with 79 and 76 chromosomes; while 7 is a hypo- 
octoploid plate with 153 chromosomes. FicuREs 6a, 6d, and 6f are photo- 
micrographs of mitoses in skin cells. 

Throughout this study it was observed that the regularity found in mouse 
tumors (Levan, 1956b), namely, the greater tendency toward structural 
rearrangements in the tetraploid region than in the diploid region, appeared 
also in the present material. While the chromosomes of diploid cells can 
usually be arranged into pairs of homologues without difficulty, tetraploid 
plates very clearly do not consist solely of quartets of homologous chromo- 
somes. While this would be difficult to demonstrate for chromosomes of 
intermediate length, it is easily seen for the extreme chromosome types, that 
is, the largest and the smallest ones. The diploid plate of FIGURE 5c, for 
instance, may easily be arranged into 20 pairs, but the hypotetraploid plate 
of FIGURE 5h, on the other hand, will refute any assumptions of autotetra- 
ploidy. FicurE Se shows a higher magnification of its 2 largest and 3 small- 
est chromosomes. They both fall outside the variation range of the diploid 
idiogram, and they are not members of 2 quartets of large or of small chromo- 
somes, respectively. All 5 of them are individual types of 5 different sizes, 
as is especially clear in the case of the small ones. This is morphologic 
evidence that not only numerical but also structural changes take part in 
the formation of new karyotypes appearing in tissue cultures. Similar cases 
are FIGURE 5k, which has a single, very small chromosome, and the hypo- 
octoploid plate of FIGURE 57, in which the smallest chromosomes do not form 

an octet of identical type. The condensed idiograms of rrcurEs 5d and 5f 
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¢ Ficure 4. Spindle cell sarcoma developed from embryonic skin culture. Bouin fixa- 
tion, hematoxylin-eosin stain. 740. 
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Figure 5. Metaphases from skin cultures of experiments 76 and 90. The following 
transplant generations are represented: 1 (a, b, d, g), 4 (e, f, h), 9 (c, k), 16 (7), and 19 (2). 
(a-c) Near-diploid numbers, 39, 41, and 40; (h, j, k) near-tetraploid numbers, 79, 88 arms, 
76; (4) near-octoploid number, 153; (d-g) characteristic chromosomes of certain. near- 
tetraploid cells, the largest and smallest chromosomes, ring chromosomes. Acetic orcein 
stain. (d-g) 1900; the rest 950. 


show the same. In Sd, as in 5g, a typical ring chromosome is present, prob- 
ably a transient sign of the structural rebuilding at work. 

Both the structural and the numerical variations are more limited at the 
diploid level. It is of interest that chromosome plates with 39 chromosomes 
were found. Usually counts below 40 were disregarded, since chromosomes 
are easily lost in the squashing, but some very evident cases convinced us 
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er hes n ski . i Itures. . (a-d) 
_ Ficure 6. Metaphases from skin (a, d, f), brain (0), and spleen (c, e) cu ; : 
Diploid number; (¢) near-tetraploid, 77; (f) hypo-16-ploid, about 280. Acetic orcein stain. 
_ (a-e) X900, (f) X460. 
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that viable cells with the number 39 did occur. Cells with 41 chromosomes { 
were rare in the skin material, although some very clear instances were seen. . 
The one pictured in FIGURE 56 had evidently undergone structural rearrange: - 
ments, as evidenced by the single minute chromosome present. 7 
The metaphase plate of r1cURE 5j is highly interesting. It was found in. 
a culture of the sixteenth generation and had a unique structure: 88 chromo- | 
some arms, 74 of which formed telocentric chromosomes of the usual mouse : 
type, and 14 of which were joined into metacentric chromosomes. The meta- ' 
centrics were of different sizes, and the relationship between their arms | 
varied, both submedian and subterminal locations of the centromeres 
occurring among them. Occasionally, metaphases with single metacentrics 
have been found in the present material, but no certain case with a regular 
occurrence of metacentric chromosomes has been encountered so far. It is _ 
well known, of course, that metacentrics may be present in the stemlines of 
some mouse tumors, so the change from telocentric to metacentric may occur 
as an evolutionary process. The fact that a single cell contains no less than 
seven metacentric chromosomes may indicate that the formation of this 
chromosome type is controlled by certain factors that acted somewhere in 
the ancestry of this cell. A random formation of metacentrics should have 
brought about their appearance in low frequency over the entire cell popu- 
lation, not a high frequency in only one individual cell. ; 
Embryonic brain tissue. Several experiments were made with embryonic 
brain tissue, which grows well in the first generation, but more slowly in the 
second. We have made some attempts, so far unsuccessful, to obtain a third 
generation. Chromosome conditions are very clear in culture of brain tissue. | 
Chromosome numbers were determined in 4 experiments, of which 3 (experi- 
ments 105, 110, and 111) were carried for 2 generations, although the chromo- 
somes were followed through both generations only in experiment 105. : 
The chromosome numbers observed are presented in TABLE 10. One fact 
of special interest is seen from this table. In spite of the low number of 
chromosome number determinations there is no doubt that one of the experi- 
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5 | 
TABLE 10 : 
CHROMOSOME NUMBERS IN BRAIN CULTURES 
Chromosome number 
Experiment | Generation Total cells % + 4x 
number number examined x j 


40 | 41] 42) 75) 76/80} 82] 115| +160 


105 1 1§117| 2) 4 3] 1 39 13 
2 Ol ideal gt 126 1 1 32 25 4 
110 2 6 aa ees a rye tee 13 1Saoe 
111 2 C0 (ene eee Us (ae eee Wer eget 12 20 4 
208 1 PE ay en ey Wee Pon es a ma 19 32 
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ments, namely, experiment 105, follows a chromosome pattern of its own, 
distinct from those of the other experiments. As early as generation 1, 
experiment 105 exhibits a maximum at 2x + 1 chromosomes, and this maxi- 
mum is maintained and even somewhat stressed in generation 2. Although 
this number was found in one cell of experiment 208, it is apparent that the 
2x + 1 number is of significance only in experiment 105. Thus, it may be 
concluded that different cultures of the same tissue may take individual 
pathways for their genotypic variation, leading to diverging end results. 
- As compared with the embryonic skin cultures reported in the preceding 
section, the brain cultures behave characteristically in the following way. 
Tetraploidy plays a much more important role in the variation of skin cul- 
ures than in the brain tissue cultures. Although we have data from only 
2 generations of the latter tissue, the difference from the corresponding 
generations of skin tissue is evident. In skin cultures the proportion of 
tetraploid mitoses started out in generation 1 with from 26 to 52 per cent 
of all mitoses, while in brain tissue cultures it averaged 20 per cent in the 
first generation. Although the diploid region held its own in our brain 
cultures, there is some indication of differences between the experiments; 
experiment 208 had a higher percentage of tetraploidy, and experiment 105 
‘doubled its percentage of tetraploidy from generation 1 to generation 2. 
~ It should be observed that, even though most established mouse tumors 
have stemlines in the hypotetraploid region, there are several that have a 
transitory period or settle permanently in the hyperdiploid region. It will 
“be interesting to determine whether there is any correlation between the 
“pattern of chromosome variation displayed in cultures of specific tissues and 
“the final chromosome number region of transplantable tumors derived from 
these tissues. It may even be that the original proportion of diploid and 
polyploid cells in a tissue may influence its tendency toward development of 
‘malignancy. It would seem reasonable, for instance, that in the mouse the 
“presence of a high fraction of tetraploid cells in a normal tissue would facili- 
‘tate the development of malignancy, not only because of the closeness of 
-tetraploidy to the optimal chromosome number region for cancer stemlines, 
but also because of the potentialities for chromosome variation inherent in 
the tetraploid number. 
_ Ficures 7a, 7b, 7c, and 7e picture the chromosomes of 3 cells with 41 
“chromosomes and 1 with 82 chromosomes, all from experiment 105. Evi- 
dence of structural variation is seen in 7a, namely, the minute chromosome at 
12 o’clock. The 3 plates with 41 chromosomes (7a-7c) represent progressive 
“stages of colchicine action. FIGURE 6d is a diploid metaphase of a brain cell. 
Embryonic spleen tissue. Although several experiments were made with 
spleen tissue, chromosome studies were possible only in experiment 83, gen- 
rations 1 and 2. The chromosome numbers counted are presented in 
“Taste 11, where the distribution of chromosome numbers is shown to be 
more of the brain type than of the skin type, as discussed above. The 
_ diploid region predominates, even though an increase of the tetraploid region 
is indicated from generation 1 to 2. Experimentation with 2x + 1 chromo- 
somes is in process in the cultures of both generations. This is of some 
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FicurE 7. Metaphases of brain (a-c, e), spleen (d, f, g, i), and liver () cultures of gen- 
erations 1 and 2. (a-d, h) Near-diploid numbers, 41, 41, 41, 40, and 42; (e) near-tetraploid 
number, 82; (f, 7) near-tetraploid cells with extreme chromosome rearrangements (i is the 
same cell as FIGURE 2m). Acetic orcein stain. 950. 
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interest in connection with the finding of Ford et al. (1957) that hyperdiploid 
stemlines are frequent in newly induced leukemias and reticulosarcomas. 
Ficure 7d shows a metaphase plate with 40 chromosomes, while FIGURES 
if, 7g, and 7i are approximately tetraploid cells—7g with a few indications 
of structural changes, 7f and 7i with quite excessive changes. FicurE 7g 
contains 83 elements, one of which (at 10 o’clock) is a chromatid fragment, 
clearly cut off from a chromosome close by; another (at 9 o’clock, below the 
former) is a pair of acentric chromatid fragments. All the other elements 
are centric chromosomes, although some are smaller than any of the regular 
mouse chromosomes. FicurEs 7f and 7i are presented as instances of very 
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TABLE 11 
CHROMOSOME NUMBERS IN ONE EXPERIMENT WITH SPLEEN TISSUE 


— 


Chromosome number 


Generation Total cells 

+ 4 
number examined sas ae 
40 41 aS 80 82 | +160 


1 13 5 = 4 = 1 23 18 
2 38 3 1 11 1 “Ss 54 24 
otal ssicpec 51 8 1 LS 1 1 77 22 


far-reaching structural rearrangements that may occur spontaneously in 
normal tissues grown in vitro. Both cells show evidence of extreme chromo- 
some breakage at different stages of the preceding resting stage. Thus there 
“are many, often quite small, acentric chromatid pairs. In FIGURE 7f there 
are strikingly many dicentric chromosomes. In addition to such presplit 
‘rearrangements, both cells have a great many very complex triradial and 
-quadriradial configurations indicating chromatid exchanges, often involving 
“several chromosomes. Some ring structures are also seen. The cell of 
FIGURE 77, photographed in FIGURE 2m, is characterized by many very short 
chromosome pieces and, in addition, by extremely long elements that must 
“represent combinations of several chromosome lengths. Our spleen cultures 
contained many cases of cells with similar extreme rearrangements. FIGURES 
6c and 6¢ are photomicrographs of metaphases in spleen cells. 
Embryonic liver tissue. Several experiments were set up with embryonic 
liver tissue. Usually they grew well and, in some cases, a second generation 
was successful. In spite of this we have managed to obtain little chromosome 
information. From 3 experiments, chromosome numbers were counted 
from a total of 21 cells. Of these counts, 29 per cent belonged to the tetra- 
_ploid region. Within the diploid region some cells had 41 and 42 chromo- 
somes. Of course, from these meager data, nothing can be said about the 
chromosome variation pattern of liver tissue. Because of the frequent 
occurrence in adult liver tissue of polyploid cells, it might be expected that 
"tetraploid variation would be significant in liver cultures. 

 Ficure 7h shows a 42-chromosome cell from a first generation. The 
9 small chromosomes at 10 o’clock are new creations. One extremely long 
~ chromosome in the center of the plate indicates still more structural rear- 
‘rangements in the ancestry of this cell. 
- The observations of this section show that the development of what will 
in due time become the karyotype of a cell strain stemline, or possibly of a 
cancer stemline, starts directly after the explantation of the normal cells 
in vitro. The mitotic irregularities frequently seen in the tissue culture 
~ evidently do not jeopardize the viability of some of the cells in which they 
occur. Therefore viable cells with changed karyotypes appear from the very 
_ beginning of a tissue culture. 
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The pattern of karyotypic changes is to a certain degree predetermined by 
the characteristics of the tissue. Each culture, however, represents an indi- » 
vidual experiment in karyotype evolution. Considering the great number | 
of factors involved in this process, it is probable that, should all the details 
of each karyotype be microscopically visible, two quite identical karyotypes 
from any established tissue culture cell strain or derivative cancer line would 
never be found. 


Discussion 


It is now well known that the development of cell strains continuously 
transferable in vitro may be associated with changes in the direction of malig- 
nancy. Moore (1957) reviews several recent cases in which cell strains of 
normal origin approach known malignant cell lines in some or all of the 
following qualities: cytological morphology, including chromosome con- 
stitution; growth rate; metabolic properties, especially the rate of anaerobic 
glycolysis; nutritional requirements; reactivity to viruses or chemicals; and _ 
capacity for malignant growth on inoculation im vivo. 

As tissue cells adapt themselves to life im vitro, at the same time they may _ 
automatically acquire qualities typical of malignant cells. The environment 
in vitro favors the development of malignant traits. That the two adapta- 
tions are not identical, however, is evident from the fact that only a small 
fraction of tumors is capable of serial growth in vitro (Southam and Goettler, 
1953; Southam, 1954; Fjelde, 1955). { 

The present investigation has given abundant and consistent evidence 
that genetic variation is at work in cultures of normal embryonic tissues. 
The variability starts immediately after the explantation and continues 
through later serial passages. Since it is made apparent only during mitosis, 
the genotypic experiments can be studied closely during the first and some- 
times during the second generation, while mitoses are still frequent enough. 
During the ensuing period of sluggish growth, mitoses are scarce and the 
genotypic variation cannot be observed. However, there is every reason 
to assume that it is always in progress. Later on, after the formation of a 
cell strain, mitoses are again frequent, and it can be seen that, among other 
similarities to malignant tissue, the cell strain has evidence of chromosomal 
instability. The genetic variation, induced at the moment of explantation; 
of the embryonic tissue, continues steadily and leads directly into the variadl 
bility well known in cancer tissue. 

As stated in the introduction, our working hypothesis was that cancero- 
genesis is a selection process on the cellular level, favoring cells capable of 
autonomous growth. We shall now consider whether there is sufficient — 
reason to assume a causal relationship between the genetic variability 
observed and the origin of malignancy. 

For this issue it would have been most important to know unequivocally 
whether the mitotic mechanism shows any irregularities in the normal build- 
ing upof the soma. Unfortunately, this must still be considered a point under 
discussion. During recent years several writers have claimed the presence 
of an excessive spontaneous aneuploidy in somatic tissues of various mam- | 
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nals. Their evidence, however, rests largely on squashed material, and it is 
ell known that squashing easily causes the escape of one or more chromo- 
mes from the metaphase groups. On the other hand, various workers who 
ried to avoid the risks of squashing have been unable to find any spontaneous 
neuploid chromosome number variation in the materials studied by them. 
Thus, investigations by Sachs (1954), Walker and Boothroyd (1954), and 
Jungerford (1955) indicated a high degree of chromosome constancy in 
farious somatic tissues of the mouse, rat, hamster, and man. J. H. Tyio 
nd A. Levan (unpublished data) found no aneuploid variation in regenerat- 
1g mouse and rat liver. In our opinion it is highly improbable that aneu- 
loid or structural chromosome variation is of any significance in normal 
smbryonic tissues. ‘Therefore it seems safe to assume that the normal 
smbryonic cells from which our cultures were set up were stable with respect 
to chromosome number and chromosome structure. By the change in 
environment involved in the explantation, this mitotic stability was upset, 
chromosome breaks were induced, and anaphasic irregularities appeared. 

- Mitotic irregularities have been observed in mammalian tissue cultures 
on many earlier occasions. Ludford (1953) reviews some cases, mostly 
induced by various treatments, but also some appearing spontaneously. 
Hsu (1952) and Hsu and Pomerat (1953) report the occurrence of aneuploid 
chromosome number variation in tissue cultures of various mammals. Hsu 
(1952) points out that this condition results from nondisjunction and not 
from structural changes: ‘“‘no visible abnormalities such as lagging, bridge 
formation, uni- or multipolarization, were noticed.” 

_ This is in contradiction to the experience of one of us (J. J. B.), who has 
regularly found a low frequency of abnormal “postmetaphases” in the 
untreated control cultures of extensive chemotherapeutic screening experi- 
ments. Two such series of controls may be recalled here as instances of 
the frequency of such mitotic irregularities. Both series included embryonic 
mouse skin and Crocker mouse sarcoma 180. One of them (Biesele e¢ al., 
1952) comprised skin cultures of 16 experiments with an average %AA of 
a and sarcoma 180 cultures of 24 experiments with 7.3% AA. The other 


series (Biesele, in press) included altogether 1930 and 2553 postmetaphasic 
mitoses for the skin and for the sarcoma 180, respectively, their %AA being 
1.5 for the skin and 3.3 for the sarcoma. Thus, in both cases the normal 
tissue cells had a fair frequency of chromosomal variation not so much 
ower than that of the transplantable tumor. 

“The difference in absolute values of %AA between the two series is hardly 
‘surprising. They are both within the variation limits of the values found 
in the present experiments. Evidently environmental factors influence the 
frequency. In our experiments trypsin brought about a fivefold increase in 
%AA as compared with the mildest treatment possible. It seems that the 
zero value of %AA is possible only with cells in situ, and that as soon as they 
are explanted they start mutating. In this connection it should be men- 
tioned that trypsin has been found earlier to have a deleterious action on 
cells in tissue culture. Thus, Neuman and McCoy (1955) report that the 
development of spindle shape in chick embryo cells in vitro, which is a sign 
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initial period of fairly good growth is followed by a longer or shorter period | 
of sluggish growth. Evidently the cells bring along some substance ort 
growth factor from the host body, this substance being gradually exhausted | 
during the initial one or two generations. Consequently, the cells grow) 
more and more slowly and nearly cease to propagate, often fading out com-- 
pletely during this latter period. It is conceivable that the random geno-: 
typic variation in process in all cultures will develop genotypes that respond | 
differently to the im vitro conditions. These genotypes accumulate under! 
constant genetic adjustment, and suddenly there may emerge a well-adapted | 
type that is capable of vigorous growth in vitro. This genotype is recogniz- 
able microscopically by a new stemline karyotype, such as the hypotetraploid 
karyotype of the cell strain from experiment 76, or the hypertriploid karyo- 
types of various human cell strains (Levan, 1956a; Berman, ef al., 1957; 
Syverton, 1957). The genotypic variation has been the instrument by 
which this cellular adaptation is achieved. There is a causal relationship 
between the chromosomal variation as visible expression of the genotypic 
adaptation and the acquirement of the capacity for indeterminate life 7 vitro. 
For this development it seems to be significant that a wide genotypic 
variation should be effected in the tissue culture as early as possible, during 
the initial period of moderate mitotic frequency in the first generations after 
explantation. After that period the creation of deviating genotypes occurs 
less often because of the scarcity of mitoses. That is probably why tryp- 
sinization acts favorably in the establishment of new cell lines. Trypsi 
treatment multiplies the initial frequency of aberrant cells. In any even 
the period of sluggish growth, during which many new genotypes are tried, 
may lead to a period of vigorous growth, in which one of the genotypes 
developed eventually forms the stemline genotype for the new cell strain, 
We know that this change in growth habit is often connected with the acqui- 
sition of neoplastic capabilities. It is difficult to avoid the conclusion 7 
these two qualities, capacity of independent growth im vitro and capacity o 
autonomous growth if inoculated in vivo, are both the result of the genotypic 
adaptation during the development of the tissue culture. ‘ 
We have thus concluded that malignancy may originate in tissue culture 
by the selection of genotypic variants. Is there any evidence that a similar 
mechanism is acting when cancer develops in vivo? Certain facts support 
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uch a view. As would have been expected a priori, this is true especially 
f cancers induced by mutagenic agents, carcinogens, and irradiations. 
Vhen a tumor is induced, for instance, by benzpyrene treatment, there is 
ften a long period of latency between the induction and the development 
f full malignancy (Oberling, 1956). In our opinion this period corresponds 
to the early generations of tissue cultures, that is, to the period of genotypic 
xXperimentation. What is induced by the carcinogen is the initiation of 
genotypic instability, which much later may produce the complex cellular 
mutants capable of autonomous growth. 

In the case of chemically induced cancerogenesis, mitotic irregularities 
nave been observed during the latent period similar to those studied in 
tissue cultures in the present investigation (for example, Biesele and Cowdry, 
1944; Ludford, 1953). It is interesting to recall, as pointed out by Ludford 
(1953), that most mitoses, after carcinogen treatment, are normal; only a 
low frequency of irregularities occurs. This suggests that the action of the 
carcinogenic agent is of a specific kind, different from the effect of such 
chemicals as c-mitotic substances, which act on all cells as long as the con- 
centration is above a certain threshold value. The solitary irregularities 
appearing after treatment with carcinogens are signs of a permanent cellular 
shift toward less stable chromosome conditions. Only after a long period 
of trial and error do these irregularities eventually produce the genotypic 
changes necessary for starting autonomous growth. Similar patterns may 
ye assumed for the induction of cancer by ionizing radiations. 

~ Tumors started through hormonal disturbances are often hormone-depend- 
ent during early stages. If the stimulating hormonal situation is relieved, 
the tumor may regress. However, if the dependent growth has continued 
for a length of time, it may become hormone-independent (cf. Furth, 1953). 
Perhaps this change corresponds to the appearance of a new genotype that 
rows autonomously. 

- Generally speaking, precancerous stages preceding many types of malig- 
nant neoplasms are stages of mitotic activity combined with mutagenic 
‘chromosome changes. Such conditions, if not interrupted, sooner or later 
may lead to malignancy, namely, when a suitable constellation of mutations 
Has been accumulated in one cell. As long as autonomy has not been 
ttained in any cell, the tumor may regress if the factors governing the pre- 
ancerous condition are abolished, because surrounding normal cells still 
wve selective advantage when normal environmental conditions are restored. 
‘Once the genotype capable of autonomous growth has been formed, the 
change is irreversible. 

~ Naturally we are not of the opinion that this mechanism, involving a 
thorough reorganization of the entire genotype, would be the only way in 
‘which malignancy may become established. On the contrary, many facts 
indicate that neoplasia may develop along different pathways. The mech- 
anism illustrated by the present investigation, that is, the origin of malignant 
properties in normal cells grown in vitro, works with an excessive random 
mutative experimentation. This mechanism, as suggested above, may be 
of significance especially in cancers induced by mutagenic agents. This 


1050 Annals New York Academy of Sciences 


mechanism also acts during cancer progression and may well be thought 
act accordingly in all kinds of cancers, irrespective of their mode of origin. 
On the other hand, the viral or hormonal induction of cancer may foll 
different chromosomal patterns. Certain facts indicate that gross chromo: 
somal reorganization may be unnecessary at their induction. Preliminary 
experiments with a virus-induced mouse leukemia* (cf. Friend, 1957), showe 
that the chromosome number 40 predominates in all cancer cells; no signs 0 
any structural rearrangements were observed. If genotypic changes are 
involved in the induction of a neoplasm of this type, they must be different 
from those observed in the present investigation. The regularity and the 
rapidity with which certain virus tumors are induced would be understand 
able if the virus were capable of influencing certain loci of the genotype; 
namely, those necessary for normal coordinative growth, in a kind of directed 
mutation process, perhaps of the transduction type, as opposed to the random 
mutation characteristic of the development of malignancy in vittro. } 
It is interesting to note that a sample of normal embryonic tissue, whichl 
ordinarily, ix situ, would have shown no tendencies toward cancer develop- 
ment may, if explanted and maintained in vitro, immediately start a develop 
ment that, within a few months, leads to the establishment of a permanently; 
growing cell line, often with malignant properties. This condition suggests} 
that the host body, as such, normally has an influence on its tissues that! 
opposes cancer origin. This rather vague statement may be interpreted in| 
the following terms of population genetics. Any somatic cell is genetically: 
adapted to its environment within the tissue, and only here is it capable of 
optimal performance of its life processes, including cell propagation. If a 
cell with deviating genotype appears in an embryonic tissue, the odds are 
that it will become outgrown by the normal cells surrounding it. Only if 
conditions are essentially changed in the body may cells with deviating 
genotype have a selective advantage im situ, and only then will a genotypic 
variability lead to cancer growth. ' 
Explanted im vitro, the same embryonic tissue finds itself under highly 
different conditions. The normal genotype is barely capable of survival and 
of going through one or a few mitoses. Even for this it depends on the aid 
of substances brought along from the host body. Under these circumstance: 
there is a good chance that deviating genotypes, which are steadily produce 
in abundance because of the explantation “shock,” will include some tha 
are just a little superior to the normal genotype, a little more capable of 
carrying out mitosis in these abnormal surroundings. A strong selectior 
pressure will act toward the accumulation of such mutants and gradually 
adjust them to ever better performance in the in vitro conditions. : 
In conclusion, our observations give strong support to the somatic muta- 
tion theory of cancer. Previously, most critical evidence for this theory has 
been derived from greatly advanced cancers, such as transplantable ascites 
tumors. Therefore, the possible role of chromosome variability at the induc- 
tion of malignancy has been inferred only theoretically, and conclusive 


* Data provided by Charlotte Friend of the Sloan-Kettering Institute for Cancer 
Research, New York, N. Y. 
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vidence has been missing on the decisive point of which comes first, the 
malignancy or the chromosomal disturbance. Are the two perhaps parallel 
but independent phenomena? 

In our experiments we demonstrated that normal embryonic cells started 
autating immediately on their explantation im vitro, while no signs of malig- 
hancy appeared until much later. Therefore, in our case there can be no 
Houbt that the chromosomal irregularities precede the malignancy; and there 
s strong evidence for a causal relation between the two phenomena. 

“In our opinion, the capacity for at least certain types of cancerous growth 
nvolves a genotypic adaptation toward cellular autonomy. This adaptation 
s the result of selective processes within a heterogeneous cell population. 
The heterogeneity underlying this selection may be caused in different ways: 
by a change in the cellular environment, as for instance by explantation 
m vitro; or by physicochemical mutagenic agents, either extrinsic, such as 
nizing radiation or carcinogenic chemicals, or intrinsic, such as hormonal 
or metabolic changes. The main factors favoring the induction of malig- 
uancy in a tissue are high incidence of chromosome breakage together with 
eh mitotic activity. 

Summary 


~ Cells of normal tissue origin maintained in serial culture may give rise to 
ell lines capable of continuous growth in vitro. The lines may exhibit new 
properties and may approach malignant cell lines in their qualities. Estab- 
ished cell lines, both of normal and of cancerous origins, have similar chromo- 
somal behavior: (1) the mitotic mechanism shows instability, with variations 
in chromosome number and structure, and (2) the stemline chromosome set 
differs from the normal karyotype of the species. 

~ Following successive passages of cultures of a few mouse tissues, we found 
that the chromosomes of normal embryonic cells start varying immediately 
after their explantation. One factor determining the extent of chromosome 
variation is the original treatment of the tissue. Thus, cells separated by 
trypsinization show a higher incidence of chromosome breaks than those 
mechanically minced. 

~ Our cultures of embryonic skin began mainly with the normal diploid 
chromosome set and a fraction of tetraploid cells. Diploid mitoses decreased 
‘n number at each transfer until, in one case, hypotetraploid cells took over 
completely at about the tenth transfer, and the culture started growing 
vigorously in the manner of established cell lines. By transfer 22, implanta- 
tion of the cultured cells into mice produced spindle cell sarcomas. Other 
tissues followed different patterns. Some brain and spleen cultures showed 
extensive hyperdiploidy, but have not yet formed easily transferable cell lines. 
_ The drastic environmental change involved in explantation in vitro of an 
embryonic tissue is evidently responsible for inducing chromosomal insta- 
bility. The deviating genotypes compete as new stemlines until one that is 
well adapted to continuous life 7m vitro comes into supremacy. 

_ The chromosomal changes in this adaptation may be regarded as model 
experiments for chromosome behavior during the development of malignancy 
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in vivo, which could be interpreted as depending on opportunity for gene 
typic variation in a proliferating tissue in an environment under which th 
i 


normal genotype suffers selective disadvantage. 
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CHEMICALLY INDUCED IMITATIONS OF MITOTIC ANOMALIES: 


COMMON TO CANCER CELLS* . 


By John J. Biesele ; 
The Sloan-Kettering Institute for Cancer Research and the Sloan-Kettering Division of the 
Cornell University Medical College, New York, N. Y. + 
: 
Introduction : 
Among the conditions suggested by A. Levan, elsewhere in these pages, , 
as conducive to the development of malignancy in mammalian cells was a} 
mutating cellular population, detected cytologically by chromosomal break- - 
age, rearrangement, and gain or loss. It was also pointed out that the cells; 
of frank neoplasms constitute such mutating populations, and that in tissue} 
cultures of Crocker mouse sarcoma 180, for example, there is a spontaneous ; 
incidence of abnormal postmetaphasic mitotic figures (‘‘ AA”) with evidence } 
of chromosomal disturbances of the order of approximately 10 per cent. In. 
some experiments this spontaneous incidence is higher. Fresh explants of | 
embryonic mouse skin commonly show a lower frequency of such abnor. | 
malities. Both in the sarcoma 180 cultures and in the embryonic skin cul- 
tures the frequencies of these abnormalities can be changed by treatment 
with certain chemicals. Differences in the responses of the sarcoma cells 
and the embryonic fibroblasts to various antimetabolites, or their combina- 
tions with normal metabolites, suggest some differences in the mechanisms 
at work in the production of chromosomal disturbances. | 


' 
j 


Materials and Methods : 


The cells used in these studies were of primary explants of Crocker mouse 
sarcoma 180 and embryonic mouse skin (especially the fibroblasts) cultivated 
in a chicken plasma clot under a “classic” medium of serum, embryo extract, 
and balanced salt solution. The cultures were planted on coverslips in 
flattened roller tubes. After 2 days’ incubation at 37° C., the cultures were 
exposed for 24 hours to selected chemicals added to their medium. They 
were then fixed in alcohol-acetic acid, stained with the Feulgen nuclea 
reaction, counterstained with light green, and subjected to microscopi 
examination. The mitoses studied were in the outgrowths of the cultures 
those in the original explants were disregarded. 

The chemicals used had been submitted to the Division of Experi- 
mental Chemotherapy of the Sloan-Kettering Institute or were commercial 
specimens. ' 


Results and Discussion ; 


It was hoped that this study would contribute to the answers to two 
questions: (1) what is the mechanism by which chromosomes undergo 


* The work reported in this paper was supported in part by an institutional grant from 
the American Cancer Society, Inc., New York, N. Y., and by Research Grants C-678 and 
CY-3192 from the National Cancer Institute, Public Health Service, Bethesda, Md. . 
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ridging and fragmentation, and why is there a significant amount of this 
tissue cultures, ordinarily greater in cultures of mouse sarcoma 180 than 
n cultures of embryonic mouse skin? (2) From what does the background 
ate of spontaneous chromosomal disturbances in tissue culture arise, par- 
icularly in the absence of trypsinization? 

It has often been proposed that disturbances in nucleic acid metabolism 
inderlie some chromosomal aberrations. If so, it may readily be expected 
Ahat interference in nucleic acid purine biosynthesis by such antiglutamine 
gents as O-diazoacetyl-L-serine—azaserine (Skipper e¢ al., 1954; Hartman 


TABLE 1 
PFECTS OF O-DIAZOACETYL-L-SERINE (AZS) AND 6-D1Azo-5-Oxo-L-NORLEUCINE (DON) 
“ ON THE Miroses or Mouse SArcoma 180 AND EMBRYONIC 

Mouse SKIN FIBROBLASTS IN TISSUE CULTURE 


Metaphases/prophases Postmetaphases 
Peg od Sarcoma 180 Fibroblasts 
Sarcoma 180| Fibroblasts 

Per cent Per cent 

Count aberrant Count aberrant 
Miirtrol.......<..... 0.6 0.6 335 5 215 1 
pro.OlmM....... 0.3 0.6 449 14 252 2 
S 0.1 mM 0.3 0.4 28 18 352 4 
@entrol...........-- 0.9 0.4 564 6 444 1 
DON 0.0001 mM.... 0.7 0.6 285 10 145 1 
DON 0.001 mM..... 0.4 0.7 322 19 245 2 
DON 0.01 mM...... 0.3 0.7 268 19 82 7 
DON 0.1 mM....... 0.5 0.9 70 40 114 5 


ef al., 1956)—and 6-diazo-5-oxo-1-norleucine—DON (Buchanan, 19357) 
should damage chromosomes. It will be recalled that azaserine is a potent 
bacterial mutagen (Hemmerly and Demerec, 1955). In mouse tissue cul- 
tures, both azaserine and DON cause chromosomal damage. 

“Taste 1 gives data for this effect. Exposure for 24 hours to 0.1 mM 
zaserine (that is, 0.1 wM/ml.) increased by several times the proportion of 
aberrant postmetaphasic figures with chromosomal bridges, chromosomal 
fragments, or micronuclei. Less effect was seen at 0.01 mM azaserine, and 
none was obvious at 0.001 mM. The drop in ratio of metaphases to pro- 
phases seen on treatment with azaserine may result from a comparative 
prolongation of prophase. Perhaps this is related to interference in ribo- 
nucleic acid, an important synthesis of which takes place just before prophase 
(Taylor and McMaster, 1954). The susceptibility of intracellular ribo- 
nucleic acid to ribonuclease treatment probably accounts for the prophase 


Poisoning by this enzyme (Firket et al., 1955). 
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DON was considerably more active than azaserine, both in the extent o 
chromosomal damage, which affected up to 40 per cent of postmetaphasit 
figures in the sarcoma cells, and in the low concentrations to which effective 
ness extended. The greater activity of DON may be attributed in part t 
its inhibition of a step in purine biosynthesis before the step resulting in th 
formation of formyl glycinamidine ribotide, this latter step being notably 
blocked by azaserine and also by DON (Moore and LePage, 1957). 

However, azaserine and DON also differed in other respects. The meta: 
phase/prophase ratio, for instance, fell in sarcoma 180 cells treated with 
DON, but rose in treated fibroblasts. Moreover, the relative mitotic inhi 
bition, greater in sarcoma cells than in fibroblasts under treatment wit 
azaserine (Biesele, in press), was inverted when the cultures were insteac 
treated with DON (ricurE 1). Perhaps these differences from azaserina 


SARCOMA 180 


MITOTIC NUCLEI 


) 
) 
nN 


ee 


fe) 0.0001 0.001 0.0! 0.1 | ; 
mM 6-DIAZO-5-OXO-L-NORLEUCINE ; 


Ficure 1. Mitotic incidence of sarcoma 180 cells and embryonic mouse skin fibroblasts 
after 24 hours’ exposure to various concentrations of DON in vitro. } 
: H 

are related to the interference DON produces in nucleic acid pyrimidi 


metabolism (M. Eidinoff, personal communication). . 
That the action of azaserine in damaging chromosomes is related to its 
status as an antagonist of glutamine is indicated in TABLE 2. Simultaneo r 
administration of L-glutamine and azaserine to mouse tissue cultures ee 
vented the increase in aberrant postmetaphases seen with azaserine alone 
It 1s Important to note that 2 mM L-glutamine alone added to the medium 
did not eliminate the background of spontaneous postmetaphasic aberrations 
either in the sarcoma cells or in the embryonic fibroblasts. ; 
The greater effectiveness of both azaserine and DON in producing chromo: 
somal aberrations in cells of sarcoma 180 than in fibroblasts of embryonic 
mouse skin in vitro probably represents the comparative importance of 
de novo synthesis of nucleic acid purines in the two cell types. Bennett 
et al. (1955) have remarked on the greater tendency of animal tumors t¢ 
synthesize their nucleic acid purines than to incorporate preformed purines 
Sarcoma 180 was one of a number of animal tumors that incorporated rela: 
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ely less of labeled guanine and adenine, but more of 2,6-diaminopurine, 
to their combined nucleic acids than did the host intestine or liver, and 
latively much more of labeled formate than did the host liver. Sarcoma 
0 was one of the least active of the four strains of mouse ascites tumors 
sted by LePage and Sartorelli (1957) for their am vivo rates of incorporation 
labeled adenine into nucleic acid adenine. Besides the possible differences 
stween sarcoma 180 cells and embryonic skin cells in the relative importance 
de novo synthesis and the incorporation of preformed purines, it is also 
[visable to consider the possibilities of differences between cell types in the 
tents or the rates of uptake of azaserine or DON (Jacquez, 1957). 
If embryonic mouse skin fibroblasts are more ready to incorporate exoge- 
ous purines into chromosomal nucleic acid than are sarcoma 180 cells, one 


TABLE 2 
T OF L-GLUTAMINE ON POSTMETAPHASIC ABERRATIONS PRODUCED BY 


NTAGONISTIC EFFEC 
a) AZASERINE IN Mouse TIssuE CULTURES 


Postmetaphases 

Pen ient Sarcoma 180 Fibroblasts 

Per cent Per cent™ 

Count aberrant Count aberrant 
eb 5 ete LH ee 100 13 100 6 
mecerine 0.l mM.......... 2... eee eee 21 43 196 10 
Glutamine 2.0mM.... ......-.-----+++++:> 147 8 100 8 
zaserine 0.1 mM + L-glutamine 2.0mM......| 100 9 135 4 


night expect that blocking de novo synthesis of nucleic acid purines and at 
1e same time making available an incorporable purine analogue might result 
greater chromosome breakage in the fibroblasts. 

~TasiE 3 gives data from an experiment in which this seems to have 
yecurred. Especially with the combination of 0.01 or 0.001 mM azaserine 
ind 1.0 mM 6-mercaptopurine, chromosome breakage in the fibroblasts 
nereased greatly. With this combination treatment, breakage in the sar- 
soma cells did not exceed the amount produced by the 6-mercaptopurine 
alone. The results suggest that there are optimal combinations of azaserine 
and 6-mercaptopurine for skin chromosome breakage, and that 0.1 mM 
izaserine was too great for maximal effect. Unfortunately, 0.1 mM azaserine 
jlus 6-mercaptopurine produced such a pronounced preprophasic inhibition 
of mitosis in the sarcoma cells that no assessment of chromosome breakage 
was possible. This table also gives evidence of a conflict between the effects 
sf azaserine and 6-mercaptopurine on the metaphase/ prophase ratio. At 
).1 mM, azaserine decreased the ratio, but at lower concentrations of aza- 
serine, 1.0 mM 6-mercaptopurine succeeded in raising the ratio. 


~+e) 
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TABLE 3 
Mitotic Errects oF AZASERINE (AZS) AND 6-MERCAPTOPURINE (6MP) 1N 
CoMBINATION ON Mouse TisSuE CULTURES 


Metaphases/ 


prophases Postmetaphases 


Treatment 
Sarcoma | Fibro- 
180 blasts 
CODtTOL ke Saat ee nck ea eee 13 0.6 
OMP? 1.0m Meat peitere een eee 153 
ONLP. 0: Mi see Sea: Wee 0.7 0.9 
AZS 0.1 mM + 6MP 1.0mM........ 0.3 
AZS 0.1mM + 6MP0.i1mM........ 0.4 
AZS 0.01 mM +6MP1.0mM...... A. 2 133 
AZS 0.01 mM + 6MP 0.1 mM....... 0.6 0.5 
AZS 0.001 mM + 6MP 1.0mM...... 
AZS 0.001 mM + 6MP 0.1 mM...... ART 


= 


Another glutamine antagonist is its derivative, gamma-glutamyl] hydrazide. 
It produced a selective mitotic inhibition of sarcoma 180 cells (FIGURE 2). 
Data from an experiment are given in TABLE 4. As with azaserine, the pro- 
portion of aberrant postmetaphases with chromosomal disturbance increased 
on treatment with gamma-glutamyl hydrazide. 1-Glutamine successfully 
antagonized this effect, but adenine sulfate did not. The suggestion of an 
increase in damage with added adenine in the skin fibroblasts may be real, 
for adenine, especially in excess, is known to be a chromosome-breaki 
agent (Kihlman, 1950; Biesele e¢ a/., 1952). In this case one might specu 
that the presence of the glutamine antagonist made for a greater incorpo 
tion of adenine in the fibroblasts, as with 6-mercaptopurine in the presen 


% MITOTIC NUCLEI 


002 1.0 5.0 . 
mM L-GLUTAMYL- &-HYDRAZIDE 1 


— Z Mitotic incidence of sarcoma 180 cells and embryonic mouse skin fibroblast: 
after 24 hours’ exposure to various concentrations of gamma-glutamyl hydrazide im vitro. 


' 
1 
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azaserine. The combination made mitoses rare in the sarcoma 180 
iltures. 

“Analogues of physiological purines have been of interest slightly longer 
an have antiglutamines, but only recently has it become possible, with 
€ synthesis of purine riboside-5’-phosphate (Magrath and Brown, 1957), to 
‘amine the mitotic effects of the series—purine, nucleoside, and nucleotide— 
ith other than the physiological substances. TABLE 5 presents the results 
‘tests with this series, starting with the free base, unsubstituted purine. 
\s previously reported (Biesele et al., 1955), unsubstituted purine is differ- 
ntially toxic to sarcoma 180 cells in culture, and differential mitotic inhi- 
ition from 24-hour exposure extends down through 0.05 mM. Chromo- 
mal damage from purine is evident in embryonic skin fibroblasts at 0.1 mM 


TABLE 4 : 
FFECTS OF L-GLUTAMINE AND ADENINE SULFATE ON POSTMETAPHASIC ABERRATIONS 
PRODUCED BY Gamma-GLuTamMy~t Hyprazipe (GGH) iy Mouse Tissue CULTURES 


Postmetaphases 

Pes Pey Sarcoma 180 Fibroblasts 

Per cent Per cent 

Count aberrant Count aberrant 
DMEEOG We TER eee oe esac, auione a. oto eyapeiteree) shay age et 311 28 100 3 
ESS in eG a ais ios age Apia Io iirc 69 68 100 20 
GGH 0.5 mM + 1-glutamine 2.0mM.......... 100 13 100 5 
3GH 0.5 mM + adenine 1.0 mM.............- 17 70 100 40 


nd in sarcoma 180 cells at 0.01 mM. There is less differential toxicity 
rom 9-6-p-ribofuranosylpurine or its 5’-phosphate, which agree closely in 
this respect, but it is necessary to drop their concentrations to 0.005 mM to 
find appreciable numbers of mitoses. About half the postmetaphasic mitotic 
figures in both sarcoma cells and fibroblasts were aberrant at 0.005 mM of 
the nucleoside or the nucleotide. At 0.001 mM, abnormalities were still 
present in the sarcoma postmetaphases, but the fibroblasts were at control 
levels. 

_ The ratio of metaphases to prophases increased in all cases about parallel 
with the extent of postmetaphasic aberrations, with the exception of the fibro- 
blasts treated with 0.005 mM purine riboside. Here a prophasic delay was 
evident. The increases in the ratio reflected delays in passing through 
metaphase. It may be recalled that slowness in passing through metaphase, 
considered by Koller (1947) to be characteristic of cancer cells (a contention 
disputed by Fardon and Prince, 1952), was attributed by Lettré (1952) to a 
relative deficiency in adenosine triphosphate, which was considered neces- 
sary for spindle function. Perhaps in our cases it results from the formation 


1060 Annals New York Academy of Sciences 


a lite ae 


of purine riboside polyphosphates, which Gordon and Brown (1956) fou 
to be produced from purine riboside in the rat, and their antagonism of th 
action of adenosine triphosphate. In this respect it is highly suggestt 
that the effectiveness in increasing the metaphase/prophase ratio, especial 
as seen in the sarcoma cultures, was greatest for the phosphate, intermediat 
for the riboside, and least for the free purine. ; 

It is perhaps true that other cytological effects of unsubstituted puri 
and other analogues of physiological purines are mediated at least in part bp 
the formation of their nucleoside polyphosphates. These would be the fin 
precursors to be expected in their incorporation into nucleic acids, if the; 


TABLE 5 ' 
EFFECTS OF PURINE, PURINE RIBOSIDE (PR), AND PURINE RIBOSIDE-5’-PHOSPHATE (P 
ON THE MiTosEs oF Mouse Sarcoma 180 AND EmBryonic MOUSE 
SKIN FIBROBLASTS IN TISSUE CULTURE 


Metaphases/prophases Postmetaphases 

Sarcoma 180 Fibroblasts — 

Treatment : 

.§ 

Sarcoma 180| Fibroblasts 
Per cent , Per cent | 
es aberrant covet aberrant | 
—[]——————_ | um i — 7 | 
Control en. cake 0.6 0.3 237 19 293 4 : | 
Purine 0.1 mM...... (none) 0.6 (no mitoses) 247 19 § 
Purine 0.05 mM..... (few) 0.6 (few mitoses) 339 4 
Purine 0.01 mM..... 1.0 0.5 154 53 228 2% 
PR 0.005 mM....... 252 0.3 161 55 71 56 } 
PR 0.001 mM....... 1.6 0.7 242 41 412 4% 
Controlmxce. 4. su sints 0.8 0.5 214 36 239 2 : 
PRP 0.005 mM... 2.8 1.0 200 53 83 42 
PRP 0.001 mM..... ed 0.5 172 44 138 6 


follow patterns of synthesis determined by Grunberg-Manago ef al. (1955 
for ribonucleic acids and by Kornberg e¢ al. (1956) for desoxyribonucleic aci 

If incorporation of a purine analogue into nucleic acid interferes in hydrogel 
bonding (Lasnitzki e¢ al., 1954) with the base in the complementary helica 
chain (Watson and Crick, 1953), perhaps chromosome breaks will result 
It is of great interest to note that Kihlman (1955a) found that chromosom 
breakage in onion root tips by 8-ethoxycaffeine required the presence 0 
aerobic conditions such that respiration could furnish compounds containin 
energy-rich phosphate bonds. The same held true for chromosomal sticks 
ness with this agent, and the necessary compound was postulated to be AT 
(Kihlman, 1955b). A similar explanation may apply to Novick’s a 
finding that anaerobic conditions reduced the mutagenicity of free purines t 
bacteria growing in a chemostat. | 
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Finally, the expected antagonism between purine analogue nucleoside 
olyphosphates and adenosine triphosphate in the support of certain neces- 
ary syntheses preliminary to cell division would account for some part of 
he prevention of entry into mitosis. It is generally agreed that the support- 
ig metabolism for cell division needs some sort of energy carrier and, in 
many cases, this appears to be adenosine triphosphate. 

“The actions of some purine analogues may be more complex, however; 
erhaps they interfere in the actions of other physiologically important 
ucleotides. Thus, 6-mercaptopurine and coenzyme A exhibit some mutu- 
lly antagonistic effects on incidence of mitosis (Biesele, 1954) and on lipo- 
enesis and mitochondrial morphology (Biesele, 1955). 6-Mercaptopurine 


TABLE 6 
ANTAGONISM OF Mitotic Errects or THIOGUANINE (TG) 
BY CoEeNzyME A (CoA) In Mouser TissuE CULTURES 


Metaphases/ Postmetaphases 
prophases 
Treatment Sarcoma 180 Fibroblasts 
Sarcoma | Fibro- 
sh past Per cent Per cent 
Cc 

a aberrant aunt aberrant 

IM en, 0.9 0.4 | 194 3 120 2 

ROME tr ME oa. deste om deste eee ees os 1.4 1.0 i) 95 26 69 

TG 0.1 mM + CoA 0.2 mM... 0.5 0.2 73 48 104 30 


icleotide in mice (Kaplan et al., 1956). Fernandes e¢ al. (1956) suggested 
that 6-mercaptopurine might affect purine coenzymes, because it depressed 
incorporation of glycine into acid-soluble purines of certain mouse tumors. 
The fact that 6-mercaptopurine depressed the incorporation of glycine into 
nucleic acid purines of four mouse ascites tumors (Greenlees and LePage, 
1956) must not be overlooked, for this means that it may influence the same 
over-all pathway of purine biosynthesis affected by antiglutamines. The 
data of our TABLE 3 should be examined in this light. 

~ The antagonism between 6-mercaptopurine and coenzyme A extends to 
chromosome breakage (Biesele, in press). This is also true, in more limited 
measure, for the related agent 2-amino-6-mercaptopurine, or thioguanine 

ABLE 6). 

eae presents data from an experiment with 6-mercaptopurine and the 
two closely related factors, coenzyme A and a-lipoic acid. Some of the fibro- 
blast data given here have been included in a partial report of the experiment 
a in press). It is seen that, at 0.2 mM, coenzyme A blocked the 


.- 
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z 
development of postmetaphasic aberrations in both sarcoma cells and ski 
fibroblasts treated in vitro with 1.0 mM 6-mercaptopurine. The effect or 
a-lipoic acid, however, was to increase aberrations from 6-mercaptopurine } 
fibroblasts, while it brought them to control levels in sarcoma 180 cells: 
Alone, coenzyme A at 0.2 mM or a-lipoic acid at 0.2 mM did not strikingly 
decrease the background rate of aberrations in sarcoma 180 cells, but ther 
may have been a significant reduction with the two together. 
TABLE 7 


Errects or CornzyME A AND DL-a-Liporc ActiD ON POSTMETAPHASIC ABERRATION! 
PRODUCED BY 6-MERCAPTOPURINE (6MP) IN Mouse TissuE CULTURES 


Postmetaphases 
ibroblasts _ 
Treatment Sarcoma 180 Fibroblasts | 
Per cent Per cele t 
— aberrant Cgent aberrant | 
4 
Ontos fa od oly cc a ee ee eT ee 214 19 277 1 ; 
OMP Ou ME. as Soh ak ook tok eee are ters 83 25 219 11% 
6MP 1.0 mM + coenzyme A0.2mM............ 227 6 232 1 . 
6MP 1.0 mM + lipoic 0.2 mM.................. 168 19 138 31 : 
6MP 1.0 mM. + lipoic 0.2 mM + coenzyme A 0.2..| 303 4 164 2 
Lipoic 0.2 mM + coenzyme A 0.2 mM........... 241 9 177 2 
Coenzyme: ALO IiiMiae acme knees es omer 278 13 259 1 
IP OULOs Zi NIM eae teres Ser etm ares wie a eeose 147 18 288 2 
f 


: 
Not only a-lipoic acid, but also insulin had this peculiar effect of enhancing 
chromosomal damage (and also preprophasic mitotic inhibition) from 6-mer- 
captopurine in mouse fibroblasts (Biesele, in press). It should be recalled 
that lipoic, or 6,8-dithiooctanoic acid, and insulin have certain structural 
features in common. 7 
This same inverse effect on fibroblasts and sarcoma 180 cells was produced 
by insulin and thioguanine (TABLE 8). This table also includes data fro 
an experiment with thioguanosine, or 2-amino-6-mercapto-9-6-D-ribofuran 
sylpurine (Fox ef al.). The data indicate that thioguanine increas 
chromosomal damage in both sarcoma 180 cells and embryonic skin fibr 
blasts. Insulin modified this toward less damage in the sarcoma cells a 
much more in the fibroblasts. On both tissues, thioguanosine alone w 
much more active than thioguanine alone, but insulin had little effect on its 
activity. Changes in the metaphase/prophase ratio paralleled the change: 
in proportion of aberrant postmetaphases. 
The companion nucleoside of 6-mercaptopurine, or 6-mercapto-9-8-p-ribo 
furanosylpurine, is also available (Johnson and Thomas, 1956) and has 
been studied for chromosome breakage. TaBiE 9 gives the frequency 0: 


| 
| 
; 
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TABLE 8 
INFLUENCE OF INSULIN ON Mitotic Errrects oF THIOGUANINE (TG) AND or 
THIOGUANOSINE (TGR) on Sarcoma 180 CELLS AND FIBROBLASTS OF 
EmpBryonic Mouse SKIN IN TIssuE CULTURE 


Metaphases/ Postmetaphases 
prophases 
Sarcoma 180 Fibroblasts 
Treatment 
Sarcoma | Fibro- 
180 blasts Per Per 
Count at Count cone 
aber- aber- 
rant rant 
Sg eta GENE PO oO eR 0.6 0.6 154 16 96 2 
WOME A tite re Paha Pvt 12, 0.7 80 28 246 9 
3 05 mM + insulin 1 unit/ml..... 0.5 10 88 ali! 181 48 


ee ee 0.6 O23. th 2st Pie) £203 4 
0 Rael ae Ce a rte 0.8 2S MOTO}, 198 Mass 
TGR 0.05 mM + insulin 1 unit/ml 1.6 1.0 FAAS TO WTS Sba lin: B20 
TABLE 9 


z Perego OF 6-MERCAPTOPURINE RiBosipDE (6MPR) oN THE MitosEs or MousE 
Sarcoma 180 anp Empryontc Mouse SKIN FIBROBLASTS IN TisSUE CULTURE 


Postmetaphases 

Tcextnient Sarcoma 180 Fibroblasts 

Per cent Per cent 

ou aberrant count aberrant 
(tesa eh Cad ei celta einer tees Cathe cee oor 400 13. 400 YD 
GRUPO. 001, mM oo sse.e arere eo , 202 12 350 1 
6MPR 0.01 mM............- 121 19 188 4 
GUUPRTO MM MNase. eee = 357 26 291 9 
GNP ReY-ORIM Ssh ides pee L 78 55 370 28 
GEIR: 4) 0) VP eee ete: (few mitoses) 122 49 


rant postmetaphasic mitoses at various concentrations of 6-mercapto- 
ine riboside. 

This riboside was considerably more active than its free purine in causing | 
romosome breakage. ‘The activity was more vigorously expressed against 
coma 180 cells than against fibroblasts at any concentration. ° 
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Diverse physiological agents were tested (TABLE 10) against 6-mercapto- - 
purine riboside. Coenzyme A produced only a slight release of the mitotic : 
inhibition of sarcoma 180 cells and successfully antagonized postmetaphasic : 
aberrations in fibroblasts, but not in sarcoma cells. Insulin was without . 
effect on the action of 6-mercaptopurine riboside, just as it failed to influence : 
thioguanosine (TABLE 8). Adenosine triphosphate did not help the sarcoma . 
cells, and it caused a decreased mitotic incidence in fibroblasts while, at : 
the same time, it eliminated most of their chromosomal breakage. This 
suggests that preprophasic inhibition and chromosomal damage by 6-mer- ; 
captopurine riboside are not brought about by the same or by very closely 


TABLE 10 i 

INFLUENCE OF VARIOUS PHYSIOLOGICAL AGENTS ON Mitotic Errects PRODUCED — 

By 1.0 MM 6-MERCAPTOPURINE RIBOSIDE (6MPR) on Sarcoma 180 CELLS 
AND FIBROBLASTS OF EMBRYONIC Mouse SKIN IN CULTURE 


SS 


Mitotic 


Cells Postmetaphases . 
Teatment Sarcoma 180 Fibroblasts — 
$180 | Skin 
(%) | (%) Per Per — 
Count | cent | Count | cent 
aber. aber. 
oe eee eee 
Controlmtgts ccs cove at-oeie aac Crd ek wate 5205)"575 4) 300 16 458 1 
OM RE He co cea iich Cosa er aan aoe OFS ee. 44 48 221 32 q 
OMPER:=- coenzyme A Oi2im Mis 05.-.0-.- <8 1.4 |.4.1 146 51 264 3 : 
6MPR -- insulin 1 unit/ml-.. 4.10. <.-- 0.1) 3.8 31 48 249 36 
6MPR + adenosine triphosphate 1.00mM...| 0.4 | 1.5 37 68 116 44 
6MPR -+ diphosphopyridine nucleotide 1.0 ; 
TIVE Neder ae de oh tabot nmee earn maa 4.3 | 3.0] 124 34 178 29 


linked mechanisms. Diphosphopyridine nucleotide ameliorated both mitoti 
inhibition and chromosomal damage for sarcoma 180 cells; it also greatly 
improved the postmetaphases for the fibroblasts. : 
Preliminary data have been obtained with a number of other physiological 
compounds containing purines. They indicate that hypoxanthine and, to 
a lesser extent, inosine, tend to antagonize 6-mercaptopurine riboside as 
does diphosphopyridine nucleotide. Adenine, adenosine, and_ several 
adenylic acids have effects approximating a position intermediate between 
those given in the table for coenzyme A and for adenosine triphosphate. In 
this experimental set, neither coenzyme A alone nor adenosine triphosphate: 
alone decreased postmetaphasic aberrations from the control level in sar- 


coma 180 cells, although each made for higher mitotic incidence. Adenosine 


triphosphate alone even increased chromosomal bridging and fragmentation 
-in sarcoma 180 cells. | 
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Summary and Conclusions 


In an attempt at synthesis of these data, one is struck by the differences 
in response of the sarcoma 180 cells from the response of embryonic mouse- 
skin fibroblasts with respect to chromosome breakage. ‘There is the enhance- 
ment of breakage from the mercaptopurines in the fibroblasts, but not in the 
sarcoma cells, by treatment with the disulfide agents, insulin, or a-lipoic 
acid. There is also the prevention of breakage from the nucleoside in fibro- 
blasts by coenzyme A, adenosine triphosphate, or various adenine com- 
pounds, but the failure of this to occur in sarcoma cells. This situation exists 
despite amelioration by coenzyme A of breakage from the free purines in both 
sarcoma cells and fibroblasts. 

_ One key to the solution of this multifactorial complex may lie in the rela- 
tive} competence of mitochondria in the two cell types. Do the mito- 
chondria of both have a 6-mercaptopurine-sensitive glycolytic system, as 
‘Hochstein (1957) described for some tumor cell mitochondria? Are the 
sarcoma 180 cells insensitive to insulin? Following Burk and Woods 
(1956), we should expect that sarcoma 180 cells would exhibit a high glycoly- 
sis, little restrained by hexokinase-insulin inhibitors. Another key may lie 
in the relative uptakes of antimetabolites by the two cell types. Another 
probably lies in the possible difference in relative importance of the bio- 
synthetic pathway to nucleic acid purines and the pathway involving incorpo- 
‘tation of preformed exogenous purines. It is difficult to avoid inferring 
from the data that the sarcoma 180 cells depend largely on de novo purine 
“synthesis and that their ability to incorporate exogenous purines is much 
‘more limited than that of the embryonic skin fibroblasts. Perhaps the 
reaction with nucleosides is different. 
~ Do these results and inferences with antimetabolites have any implications 
for an understanding of the spontaneous chromosome breakage in tissue 
‘cultures, especially of neoplastic cells? They may have, for in effect the 
“presence of an antimetabolite is equivalent to a deficiency of the normal 
“metabolite and may produce derivative deficiencies of other materials that 
~ represent later intermediates in inhibited pathways. Conversely, this also 
"means, in cases where a balance of related but different monomers (if we 
“may call them such) is needed for proper synthesis of linearly differentiated 
polymers (we refer to amino acids and proteins, to nucleotides and nucleic 
acids), that a possible excess of complementary materials may exist. It may 
pe significant, for instance, with reference to chromosome breakage by ade- 
nine, that guanine was found to be incorporated poorly into nucleic acids 
in a series of animal tumors, relative to control tissues of the host animals 
(Bennett e al., 1955). Perhaps the background chromosome breakage 
could be reduced to a minimum in tissue cultures by exactly the right balance 
of nutrients, but if a situation such as this poor incorporation of guanine 
characterizes cancer cells, it might be impossible to eliminate, on a nutri- 
tional basis, all chromosome breakage from cancer cell cultures. If the poor 
guanine incorporation had a genetic basis, the cells, under the provided con- 
"ditions, would have a genetically determined chromosomal and genetic 


instability. 
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CELLULAR ASPECTS OF TUMORIGENESIS* 


By Walter J. Burdette 


Department of Surgery, St. Louis University School of Medicine and the 
Veterans Administration Hospital, St. Louis, Mo. 


Introduction 


The initiating event responsible for the conversion of normal to neoplastic 
cells has engaged the attention of many investigators, but numerous excep- 
tions have been encountered whenever a uniform explanation has been pro- 
posed for all cases. The existence of many mutant genes that influence the 
incidence of tumors, alone or in combination, is sufficiently substantiated — 
to explain differences in hereditary susceptibility to cancer, both spontaneous 
and induced. However, tumors do not invariably occur in the presence of 
susceptibility genes, which suggests that conditions within the cell affecting | 
critical periods when tumor genes act may also determine whether or not a 
cell becomes neoplastic. Therefore, examination of intracellular mechanisms 
and their response to intrinsic stimuli would seem a profitable method of 
exploration, and the methods of genetics offer one of the most accurate tools 
for minute, differential probing. 


4 


Euchromatic Tumor Mutants 


Hereditary aggregations of cells occur in the larval stage of Drosophila and 
later regress due to the action of hormones influencing metamorphosis. 
They have been utilized as a prototype of inherited anomalies having char- 
acteristics in common with mammalian tumors, and the relation of euchro- 
matin, heterochromatin, and extrinsic particles to these tumors in Drosophila. 
has been examined. First, the effect of various agents on the appearance 
of tumors in Drosophila was determined!* when mutation rate was known. 
These studies (TABLE 1) indicate that, in addition to inactive compounds, 
certain chemicals increase both tumor incidence and mutation rate, but others 
either increase mutation rate without altering tumor incidence or increase 
tumor incidence without a parallel increase in mutation rate. Although 
somatic mutation of a chromogene must be admitted as a possible causal 
antecedent of cancer, these results do not support the view that this is a com- 
mon occurrence. 

A simple loss of substance from the cell has often been suggested as a 
possible explanation for the neoplastic change. This would imply that 
known susceptibility genes that are widely distributed in the euchromatin | 
and arise as germinal mutants are deletions. This was tested in the éu vg bw 
strain by treating males with a chemical mutagen, formaldehyde, and also 
with roentgen irradiation, and then determining whether reverse mutation 
to decreased susceptibility resulted. Although mutagenic amounts of the 

* The work described in this paper was aided by grants from the National Cancer Insti- 


tute, Public Health Service, Bethesda, Md., the American Cancer Society, Inc., New York, 
N. Y., and the Veterans Administration, Washington, D. C. 
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chemical were administered, no reversals occurred. On the other hand, two 
were recovered among 76,483 individuals treated with 2000 r and subse- 
quently examined. The reduced incidence of tumors was inherited in subse- 
quent generations. The original mutation from normal to completely sus- 
ceptible, therefore, must have been a more complicated structural change 
than a deletion of euchromatin. 


TABLE 1 
RELATION OF TuMOR INCIDENCE TO MUTATION RATE 


Lethals Tumors 
No. | Chrom. | Percentage | No. Total | Percentage 
Me -MCA........ (20\ 9413 0.5 126 | 2837 4.4* 
= Control....... 7 | 2366 0.5 23° <\. 1997 1.2 
s GMOs ses oe 18 1174 ies Sie 35 1984 1.8 
MOntrOollocc. oh 1 1217 0.1 30 1562 1.9 
ING st fiche es hss 29 781 Sade 46 776 Suo* 
2 Controlss-e.- 1 983 0.1 4 769 0.5 
eee P < 0.01. 
2 Heterochromatin 


"The effect of heterochromatin on tumor incidence in Drosophila has been 
tested by determining the results of deletion of the Y chromosome and addi- 
‘tion of extra Y chromosomes to tumor strains. A tandem X:Y chromosome 
“was found more useful for obtaining desired genotypes than other trans- 
‘locations. Just as the presence of mutator genes‘ could not be correlated 
with increased tumor incidence, neither an increase nor a decrease in the 
amount of heterochromatin within the cell affected tumor incidence in a uni- 
-form manner when different strains are compared (TABLES 2 and 3). These 
“tesults suggest that among requisites for critical inquiry are morphologic 
and functional units smaller than these gross amounts of heterochromatin. 


TABLE 2 
Errect oF HETEROCHROMATIN ON tu 487 TuMoR INCIDENCE 


=F 


Males Females 


xO XY DANONE | So>,@. OXY | OY. 


ze MOTE hese eee Ak Pmt |n . O2 123 27 344 267 38 
me BBO bereccare mpursce oe gases 319 1564 873 900 2480 216 
==  Percentage.........-- 19 8 3 38 11 18 
ree 
: 
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TABLE 3 
Errect or HETEROCHROMATIN ON Mi* Tumor INCIDENCE 


en a Arn 


Males Females 


ems 


XO XY OV’ XX XY OY 


ee es 


TMOrss. cache ee: 625 611 869 1782 434 

MT otdla ec uteieteoska seme 73 1018 985 1309 2522 584 

Percentage...........| 48 61 62 66 71 74 
Genoids and Tumors 4 


Because increasing numbers of tumors are found associated with filtrable 
agents, the viral hypothesis of tumorigenesis is currently ascendant. A. 
filtrable agent that produces CO: sensitivity is easily transmissible in Droso- : 
phila,® and euchromatin containing genes for tumor susceptibility was intro- » 
duced into cytoplasm containing the particles producing COz: sensitivit 
Preliminary results (TABLE 4) demonstrate that such particles can reduce 
the incidence of tumors. This is a simple example of how the expression of 


tumor mutants may be altered by a viruslike particle that neither produces" 


tumors alone nor alters the gene itself. | 
TABLE 4 . 
Errect or Tr GENOID ON tu vg bw Tumor INCIDENCE 

Males - Females Total 

Per- Per- 
tu | Total centage i |) Total centage 
COs: genoid.....| 1555 | 1753 89 1466 | 1803 81 3022 | 3556 85 
Control nisin. 4 604 | 608 99 546 | 546 100 1150 | 1154 100 — 
Discussion 


Apparently chromogene mutants responsible for susceptibility to th 
tumors investigated in Drosophila are structural changes other than deletions 
Respective euchromatic genes for susceptibility specifically condition 
response to the relative dosage of heterochromatin, since results are not the 
same when different tumor strains are compared. Also, the necessity for 
testing smaller morphologic and functional units of heterochranaia for 
dosage effects before a very critical analysis can be made is obvious. Skepti- 
cism that any very helpful clues may emerge from studies on ploidy in gen- 


eral rather than from focusing attention on minute functional areas likewise 
seems justified. 


——— 


es: Burdette: Cellular Aspects of Tumorigenesis 1071- 
‘The results with the genoid for COz sensitivity illustrate the modification 
f action of susceptibility genes by cytoplasmic particles, the action of which 
known. Similar utilization of different particles, each with specific effects, 
provides a promising approach for analysis of the progression of intracellular 
vents during carcinogenesis. 

_Even casual examination shows that the sequential events governed by 
rerminal mutants for susceptibility to tumors may be altered by the milieu. 
[herefore, whether a cancer appears may depend on alterations of genic 
etion as well as changes in the structure of the gene or its interrelations with 


z= 


thers. The former may represent one way in which viruses act. Since 
iruses, as well as genic mutations, are self propagating, their presence is an 
equally convenient explanation for the perpetuation of the original neoplastic 
onversion within the cell. In view of the similarities between the two 
vhich are frequently emphasized, the action of viruses in tumorigenesis 
ould also be as direct as the action of genes for susceptibility. However, 
any number of biological systems, some of which have been reviewed® 
recently, can be used as models for possible causal mechanisms of the neo- 
plastic process. Doubtless, all general information about the cell will be 
helpful in the analysis of tumorigenesis, but specific information is required 
for analysis of each example. The diversity of conditions known to affect 
arcinogenesis has thus far defied a uniform approach. Perhaps more 


minute scrutiny of individual cases from a mechanistic viewpoint may prove 
more rewarding. 
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CARCINOGENIC MUTAGENS* . 
; 
By R. W. Barratt and E. L. Tatum . 


Dartmouth College, Hanover, N. H., and the Rockefeller I nstitute for Medical Research, — 
New York, N.Y. t 


Eleven years ago, in a monograph published by The New York Academy 
of Sciences entitled Nutrition in Relation to Cancer, a paper by Tatum! 
summarized the then new findings of chemical mutagenesis; that is, the 
mutagenic action of the sulfur and nitrogen mustards.?4 In the intervening 
decade great strides have been made in our knowledge of chemical muta- 
gens.*8 Unfortunately, our understanding of the mode of action of these 
agents has not kept pace with their enumeration. However, Tatum’s papert 
foreshadowed the experimental approach employed in the findings reported | 
in this publication. : 

Our research has been aimed at providing answers to three main questions} 
concerning the mutagenic activity of certain carcinogenic substances: first, . 
“Are these substances mutagenic?’’; second, “If so, what is their magnitude: 
of activity when contrasted to other mutagens?”; third and most relevant, 
“Tf mutations are induced, what light can genetic analysis shed upon their | 
nature?’ After describing our experiments we shall attempt to evalu-: 
ate their significance. Some of our earlier findings have been reported 
previously.° 

While microorganisms certainly do not preempt the field as objects for 
mutagenic investigations, their outstanding advantage for such studies 
results from the lack of division into somatic and germ cells. This permits 
the genetic constitution of any cell to be analyzed by the standard genetic 
techniques of establishing a pure line or clone followed by the formal genetic 
procedures of crossing and progeny analysis. Furthermore, the use of 
microorganisms circumvents the difficulties of establishing effective and 
known concentrations in germ plasm, a problem that has plagued other 
investigations in this field. Of course, not all microorganisms possess these 
attributes to an equal degree. The system selected to evaluate the car- 
cinogens in the work here reported was the induction of nutritional (bio- 
chemical) and morphological (visible) mutants in the fungus Neurospora crash 
This system has been referred to by Giles as the induction of forward muta- 
tions, as opposed to back mutations.’ Nothing evolutionary is implied in 
the term. The significance here is that the forward system permits the 
detection of mutations of a very large number of genetic loci simultaneously, 
whereas the back mutation technique permits the detection of mutations at 
one or, at most, only a few genetic loci. The use of drug- or virus-resistant 
mutants has the same disadvantage of measuring mutations of only a few 
genes. The disadvantage of this forward system is that the labor involved 


* The work reported in this paper was supported by grants from the Ameri 
: rican Cancet 
Society, Inc., New York, N. Y., and the Jane Coffin Childs Memorial Fund for Medical 
Research, New Haven, Conn. 
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in detecting mutant strains is many times greater than in the back mutation 
techniques. 

The first experiments were carried out according to the original technique 
devised by Beadle and Tatum.!! Conidia of one mating type were treated 
with the substance under test and immediately were used to fertilize sexual 
bodies of the opposite mating type. The resulting ascospores, the products 
of meiosis, were isolated, and the cultures derived from them were examined 
for the presence of nutritional and morphological mutant strains. Using the 
‘water-soluble derivative of 20-methylcholanthrene, sodium 6,12b-endo-20- 
methylcholanthrene succinate prepared according to the method of Bach- 
mann and Kloetzel” at pH 6.0 at a concentration of 0.1 per cent, and treating 
conidia for periods up to 80 min., 4 biochemical mutants were found among 
1700 isolates. This is a frequency of approximately 0.24 per cent,* a value 
considered significantly above the spontaneous rate, although no accurate 
spontaneous rate had then been ascertained. For comparison, a frequency 
‘of about 2 or 3 per cent biochemical mutants was obtained from material 
similarly treated with X rays, ultraviolet irradiation, or nitrogen mustard. 
‘These preliminary results were considered indicative of a positive mutagenic 
action. A more detailed investigation was undertaken. 


Methods 


In investigations of chemical mutagenesis some criterion of penetration 
of the agent under test into the cells is essential. Death of a large fraction 
of the cells is commonly employed, since most mutagens are toxic agents—for 
example, the nitrogen and sulfur mustards. In practice, the higher the kill, 
‘the greater the mutation rate; that is, the percentage of mutants among the 
“survivors. There are a few noted exceptions that need not be considered 
mere. In the evaluation of the carcinogens, killing was not observed except 
‘in certain experiments with the endosuccinate derivative of methylcholan- 
‘threne, in which the killing effect may have been indirect. Considering the 
extremely low water solubility of the carcinogenic hydrocarbons (1 part in 
108 or less), and the fact that Neurospora grows in an aqueous medium, the 
“problem became even more relevant. Therefore it was necessary to employ 
“4 different criterion as evidence that the compound actually penetrated the 
ell (mycelium). 

For the penetration studies to be described, 20-methylcholanthrene at a 
concentration of 0.025 per cent was employed. As a qualitative test for 
penetration, mycelia grown in methylcholanthrene were washed and exam- 
‘ined under the microscope at 1000 diameters for fluorescence under ultra- 
-wiolet light.t No change in the optics of the microscope was found neces- 
‘sary. A quantitative measure of penetration was provided by refluxing 
washed methylcholanthrene-grown mycelium in ethanol and determining 
the amount of methylcholanthrene extracted in the ethanol. The absorption 


* The actual frequency would be twice this value since only one half of the isolates carry 


the allele at any locus derived from the treated parent. 
_ +A mercury-vapor arc with a Corning No. 5840 filter (transmission 310 to 395 mp) was 


employed as the light source. 


es 
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at 295.5 my was found to be proportional to concentration and accurate 
within 1 mu for quantities of less than 10 mu. 3 

Three methods of solubilizing the test substances were evaluated: (1) < 
solution of the carcinogen in ethanol was added to culture medium, and the 
resulting colloidal suspension was immediately inoculated with Neurospora 
(2) the water-soluble endosuccinate derivative described above was pre 
pared and added to culture media; and (3) the carcinogen was dissolved i 
polyoxyethylene sorbitan monooleate (Tween 80),* and this in turn was 
dissolved in the culture media. Based on the two criteria just described the 
Tween 80-methylcholanthrene preparation was completely penetrable tc 
the cells. Abundant fluorescence was observed in individual hyphae of 
Neurospora grown in the Tween-methylcholanthrene. Such mycelia, whe 
frozen and crushed, freed many highly fluorescent particles from ruptured 
cells. Mycelia grown in the basic media with only Tween added failed to 
fluoresce at these wave lengths. Mycelia grown for 1 week in the culture 
media with 10 per cent Tween plus 0.025 per cent 20-methylcholanthrenes 
added were found to be in equilibrium with the culture medium with respect 
to the methylcholanthrene concentration; that is, the concentration in the 
alcohol extract of the mycelium was found to be equivalent to a mycelial 
concentration of 0.025 per cent when calculated on the basis of the wet weight 
of the mycelium. On the basis of these results all further experiments were: 
carried out by growing mycelium for a period of 1 week in medium containing 
10 per cent Tween as a solubilizing agent for the carcinogen. Other experi- 
ments established that the azo dyes also penetrated the cells. It should be 
borne in mind that, contrary to the usual method of evaluating mutagens, 
these experiments were performed at nonkilling concentrations of the agents 
under tests as mutagens. ; 

To render the evaluation of the carcinogenic substances more precise, two 
modifications of the experimental procedure of Beadle and Tatum! were 
introduced. The first of these modifications circumvents the necessity of 
resorting to the sexual stage in order to isolate pure strains; that is, strains 
containing only one nuclear type. In this way recombination as a source 
of variation is eliminated. When Neurospora multinucleate. conidia are 
treated, recourse to a sexual cross followed by ascospore isolations con- 
stitutes the only sure method of isolating pure clonal lines from mutagent 
treated material. During the course of these investigations a strain of 
Neurospora was developed that produces almost exclusively uninucleate 
conidia (microconidial of Barratt and Garnjobst!*). By plating micro- 
conidia into a medium that restricts the spreading growth form,'* V euros pora 
may be treated as an asexual form, and clones may be isolated by the standard 
microbiological techniques for isolating pure cultures. In order to minimize 
the biological variation from experiment to experiment, a second modification 
was introduced. The microconidial strain selected was made homocaryotic 
by the isolation of a colony derived from a single uninucleate microconidium 
This colony in turn was grown to sporulation, and these spores were imme- 


* Manufactured by Atlas Powder Company, Wilmington, Del. . 
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diately lyophilized in sufficient replication to provide a new culture from 
lyophil for each experiment. 

In each of the experiments evaluating a carcinogen as a mutagen, the 
following experimental procedure was used (FIGURE 1): 

_ (A) A lyophil tube containing conidia of the purified strain was opened 
and the contents were used to inoculate an agar slant. 
_ (B) The culture was grown 4 to 5 days at 25° C. until conidiation occurred, 
and a suspension of microconidia was prepared. The experimental flasks 
that contained synthetic culture medium! and a carcinogen in Tween, as 
well as a control flask containing Tween and culture medium only, were inocu- 
lated with the suspension. Approximately 107 conidia were added to 40 ml. 
of medium in the culture flask. 
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- Ficure 1. Experimental procedure for the evaluation of carcinogens as mutagens. 
The letters correspond to procedural details described in the text. 
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(C) After 7 days’ growth at 25° C. the mycelium in each culture flask 
was filtered free from the medium with the aid of sterile filter paper in a 
sterile Biichner funnel, and the mycelium was washed. 

_ (D) The mycelium and filter paper were transferred aseptically to a Petri 
dish containing complete agar medium" and were incubated for 3 days at 
5° C. to induce abundant microconidiation. 
_ (E) The conidia were scraped from the surface of the mycelial mat, sus- 
yended in water, filtered through cotton to remove mycelial fragments, and 
plated onto glycerol-sorbose complete agar plates at a density calculated 
~ to give rise to about 100 colonies per plate. 

_ (F) The plates were incubated for 3 days at 30° C. to permit colony 
formation. One thousand colonies from each treatment were isolated to 
individual agar slants of complete medium and incubated at 25° C. for 


ae 


1076 Annals New York Academy of Sciences 


(G) Each culture was scored for deviation from the purified microconidia 
strain (morphology); each culture was tested for a nutritional mutation b 
transferring onto minimal sorbose agar plates in a pattern of 25 per plate: 
and was scored for growth after 48 hours at 30° C. 

(H) Cultures failing to grow on the minimal agar were tested for the exac 
nutritional requirement according to the standard procedure of Beadle anc 
Tatum.!! All mutants obtained from a single experiment that had the sama 
nutritional requirement were tested for allelism by a heterocaryon test 
Similar heterocaryon tests were performed for the morphologic mutants 
In any questionable cases the mutant strain was crossed to the wild type 
the opposite mating type was isolated, and a direct cross was made with tha’ 
strain in question. Recovery of wild type isolates from the cross was taker: 
as evidence for nonallelism. 


Resulis 


Three carcinogenic hydrocarbons, 20-methylcholanthracene, 9,10-di1 
methyl-1,2-benzanthracene, and 1:2,5:6-dibenzanthracene; two azo dyes: 
m'methyl-p-dimethylaminoazobenzene and 4’amino-2,3-azotoluene; one stil] 
bene, 4-dimethylaminostilbene; and 2-acetylaminofluorene were evaluated! 
TABLE 1 summarizes the biochemical or nutritional mutants obtained from 
experiments performed in the manner described above. TaBLE 2 summarizes 
the total mutants obtained in the treated material; that is, nutritional plus 
visible. 

TABLE 1 


CARCINOGEN MUTAGENESIS IN Neurospora 
Biochemical Mutants Obtained from Carcinogen Treatments 


Number | Number 
of of 
experi- | isolates 
ments | tested 


Number Per 
of cent 
mutants | mutants 


Mutagen and concentration 


9658 


ESAS Te Se PE eA GRCL® Seamer oe 11 3 0.03, 
20-Methylcholanthrene (0.025%)................ 5 6347 11 0.179 
9,10-Dimethyl-1,2-benzanthracene (0.025%)... .. 3 2501 3 0.12, 
1:2,5:6-Dibenzanthracene (0.025%).............. 2 1500 3 0.20° 
m’'-Methyl-p-dimethylaminoazobenzene (0.050%). . 3 2615 3 0.11 

4’-Amino-2,3-azotoluene (0.1%). .......0..ee000: 4 3713 0 0.00 
4-Dimethylaminostilbene (0.025%)............... 3 2771 2 0.07 — 
2-Acetylaminofluorene (0.1%)........0....000005 3 2775 1 0.04 


SS SSS SSS eee 


Before any significance concerning mutagenicity is attached to these find 
ings, the possibility must be excluded that these mutants represent selectiol 
by the carcinogen from possible pre-existing mutants in the population o 
conidia used as inoculum. Since growth occurred for a period of 7 day 
while the mutagen was in contact with the mycelium, ample time existe 
for selective action. To test this possibility as a factor, a reconstructio: 

{ 
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; TABLE 2 
* ; CARCINOGEN MUTAGENESIS IN Newrospora 
Total Mutants Obtained (Biochemical and Morphological) from Carcinogen Treatments 


Number | Number 
of of 
experi- | isolates 
ments | tested 


Number Per 
of cent 


pd Mutagen and concentration 
mutants | mutants 


hE ee eer hc cecdionenly S aneyaiaueit oh ayacasiensiaiehe Soares 14 12431 33 0.27 
20-Methylcholanthrene (0.025%)....2.....+.+.5. 7 7107 | 47 0.66 
9,10-Dimethyl-1,2-benzanthracene (0.025 C7 ama 5 4) 2501 15 0.60 
"2 2.5:6-Dibenzanthracene (0.025%)...........-.. 2 1500 9 0.60 
m’-Methy1-p-dimethylaminoazobenzene (0.050%)... 3 2615 11 0.42 
meAmino-2,3-azotoluene (0.1%)............+-.-- 4 3713 16 0.43 
4-Dimethylaminostilbene (OPS VAS -e 6a cee 3 2771 6 0.22 
2-Acetylaminofluorene (CON RYA ARE ee ee en ee tem 3 2775 8 0.29 


experiment was carried out. Conidia from 4 mutant strains (representatives 
from both the morphological and biochemical classes obtained in these 
studies) were mixed in a predetermined ratio with wild type conidia and 
‘used as inoculum for an experiment conducted exactly as described above. 
‘Tf the carcinogen were not inducing mutations but acting as a selective agent, 
then a larger proportion of mutants would be recovered among isolates made 
a4 growth in the presence of the carcinogen than were originally present 
in the inoculating mixture. From the data presented in TABLE 3 it is appar- 
ent that none of the 4 mutant strains was selected for; in fact, they were all 
“selected against, as in each case a much smaller percentage of the mutant 
“was recovered at the end than was present in the inoculum. This permits 
he conclusion that the mutants obtained in the carcinogen treatments in 


TABLE 3 
RECONSTRUCTION EXPERIMENT: TEST FOR SELECTIVE ACTION 
or 20-METHYLCHOLANTHRENE ON A MIXTURE 
or Witp TypE AND Mutant MICROCONIDIA 


Number in 1360 isolates 


. Per cent in 
Strain ee Z 
original mixture 
Expected Obtained 

MEY PE... cece ees ete 90.5 1232 1351 
lenine (#S1644)........-.0 02 eee eee AD 56 3 
idine (#82570)... 2.2.22. seer ee tees Ded, 30 3 
dylic acid GESNGT 2) eine Stages 2 ec IG 37 2 
0.4 3) 1 


100.0 1360 1360 
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excess of the controls were induced by the treatment. Based on the nutr 
tional mutants obtained, all 3 of the carcinogenic hydrocarbons and 1 of th 
azo dyes are mutagenic, giving mutation frequencies 4 to 6 times the contr 
frequency. The stilbene and aminofluorene tested were not detectably 
mutagenic. Based upon the total mutants obtained, all 3 hydrocarbona 
and both azo dyes are mutagenic, giving mutation frequencies of 2 to 2. 
times the control. ; = | 
Taste 4 lists the specific nutritional requirement for each of the nutritiona 
mutants obtained. The most frequent types of nutritional mutants induce 
with any mutagen in Neurospora are methionine (or methionine-cystine 
and adenine.‘ It is of interest to note that, of 3 spontaneous nutritiona 


TABLE 4 } 
CARCINOGEN MUTAGENESIS IN Neurospora 
Requirements of Biochemical Mutant Strains Obtained from Treated Material 


Mutagen and concentration Number of Requirements : 
mutants : 
— | 
Controle. .ch eee eee oes eee me 3 Adenine, methionine, proline 
20-Methylcholanthrene (0.025%)....... 11 Proline, adenine, cytidylic acid (2). 
methionine, histidine, lysine, 
amino acid, amination, tyrosine, 
threonine : 
9,10-Dimethyl]-1,2-benzanthracene { 
ROO289E) task Sea de ee 3 | Adenine (2), tryptophan } 
1:2,5:6-Dibenzanthracene (0.025%).... 3 Yeast nucleic acid, methionine- 
cysteine, amino acid } 
m’-Methyl]-p-dimethylaminoazobenzene : 
KOE OSD notices eee ee aR eee eee S Lysine, tryptophan, adenine 
4’-Amino-2,3-azotoluene (0.1%)........ 0 — 
4-Dimethylaminostilbene (0.025%)..... 2 Unknown (died), methionine : 
2-Acetylaminofluorene (0.1%).......... 1 Pab + choline i 
3 


mutants that occurred in the control samples, 2 fall into these classes. Of 
the 2 tryptophan mutant strains obtained, 1 in the material treated with 
dimethylbenzanthracene and the other with dimethylaminoazobenzené, 
both are uncommon types of tryptophan mutants. All but 1 of the mutant 
types isolated have also been obtained with other mutagens, but only the 
adenine-, methionine-, and proline-requiring strains have been obtained 
spontaneously. The strain requiring choline and p-aminobenzoic acid has 
not been reported before. } 

In order to learn more about the nature of the mutation in these strains 
formal genetic analyses have been carried out on most of the bioshenll 
strains. Approximately 1:1 ratios of the mutant and wild type character 
istics have resulted from crosses of each of these strains with the wild type 
Furthermore, those strains analyzed by tetrad analysis regularly give rise 
to asci containing all 4 viable meiotic products. These data provide reason: 
ably conclusive evidence that these mutant strains do not contain gros 
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chromosomal aberrations. Direct cytological evidence for aberrations is 
ery difficult to obtain in Neurospora. 

; Having established that no gross aberrations were present in these car- 
CI hogen-induced mutant strains, it was of interest to ascertain whether these 
strains were capable of reverting to prototrophy. The frequency of reversion 
xe) prototrophy of 3 of the 20-methylcholanthrene-induced biochemical 
mutants was investigated. For the reversion studies, ultraviolet radiation 
from a Westinghouse Sterilamp was employed. The 3 strains selected* 
ere an adenine-requiring, a proline-requiring, and a cytidylic acid-requiring 
rain. As a control, an inositol-requiring strain was used that was ultra- 
yiolet-induced and that had been shown to revert. The 4 strains were 


4 TABLE 5 
- REVERSIONS INDUCED By ULTRAVIOLET IRRADIATION IN 3 CARCINOGEN-INDUCED 


lez . MvTANTS AND 1 ULTRAVIOLET-INDUCED MUTANT 
“ 
3 £ ; : ne. OE Per cent No. No. of Reversions 
Strain and requirement expts survivors | survivors | reversions per 10° 
: : (mean) (108) obtained survivors 
Se 
$1644 adenine (C)............ 1* 34.8 1.9 30 0.15 
mmesOproline (C)............ Is 4.0 0.3 8 0.50 
$1672 cytidylic acid (C)....... S432 43.5 a 5 0.012 
m401- inositol (UV)........... Shia 34.8 0.7 84 teti5 


Symbols: C = carcinogen-induced strain; UV = ultraviolet-induced strain. 
* Several of the experiments consisted of several irradiation doses, which actually could 
é considered separate experiments. 


diated and plated onto a minimal sorbose agar medium. The effect of 
irradiation on viability was determined by plating an aliquot of the 
idia onto a complete medium. On the minimal medium the only conidia 
capable of growth into colonies would be those independent of their original 
equirement, and thus prototrophic. As shown in TABLE 5, all 3 of the 
cinogen-induced strains investigated are capable of reverting to proto- 
phy under irradiation with ultraviolet light. 
Prototrophs may arise either by back mutation at the original locus or by 
ppressor mutation at another locus. These 2 alternatives can be dis- 
D guished by analyzing the progeny obtained in a cross-of the revertant to 
a wild type. Six reverted strains representing 2 isolates from each original 
rain were crossed to the wild type, and the progeny were isolated and 
lyzed.{ Ina cross between a reverted culture (phenotypically wild type) 
da normal strain (genotypically wild type) only wild type progeny will 
se obtained if a true back mutation has occurred; while if a suppressor muta- 
n has occurred, segregation of the suppressor locus and the original 
utated locus will give rise to mutant progeny. None of the isolates from 


* These strains were selected on the basis of inability to form microcolonies on minimal 


medium. 
More than 300 isolates were made from crosses of each reverted strain. 
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any of the 6 crosses of the revertants to wild type was a mutant. _The com 
clusion is that the reversion in each of the 6 cases analyzed genetically was 
due to a true back mutation at the locus originally mutated by the carcinoger 

From these investigations of the genetic stability of 3 carcinogen-induceé 
biochemical mutants, it appears that the alterations of the genetic materia: 
fall into the class of gene mutations. 


Discussion J 


Regarding the merits of detecting forward mutation versus detecting baci 
mutation, clearly the back mutation technique, so elegantly employed b3 
many investigators, yields more quantitative data. The limitation lies 11 
the few loci in which mutations can be detected in a single experimenti 
Many investigators have reported marked differences in the mutageni: 
action of different agents when determined by their relative action on 2 loct 
Novick® observed a difference between the mutagenic action of purine derivai 
tives and ultraviolet light on mutation to phage TS and T6 resistance 
Giles'® has observed the same phenomenon when studying back mutation! 
in Neurospora at two loci concerned with nutritional requirements. Also im 
Neurospora, Kolmark"* observed a marked difference between the mutageni’ 
action of ultraviolet light and 1:2,3:4-diepoxybutane on the frequency ot 
reversion at an adenine and an inositol locus. It should be noted tha: 
Jensen e¢ al.!” found methylcholanthrene inactive in inducing back mutation’ 
at the one locus studied in Neurospora. Based on studies of the action ot 
three mutagens on several loci in Escherichia coli, Demerec® concludes tha: 
different genes react differently to similar treatment with a given mutagen, ¢ 
phenomenon he terms “mutagen specificity.” In the light of these anc 
similar findings of mutagen specificity, the forward mutation technique 
seems to have provided suitable material for this investigation. q 

In attempting to evaluate the significance of these findings one is impressec 
by the low frequency of mutations obtained. These investigations and those 
reported by Novick using the chemostat are among the very few example: 
of mutagens used under nonkilling conditions. Novick® observed increase: 
in frequency up to tenfold with caffeine and other purine derivatives. The 
chemostat of Novick and Szilard'* provides an environment in which a large 
constant, growing population of bacteria can be maintained for long periods 
of time. It permits a very accurate measure of mutation at a few genetic 
loci, but is not suited to the simultaneous measure of mutation at many loci 
The more general questions are concerned with what constitutes an accurate 
measure of the mutagenic activity of a compound and what common dénomi- 
nator should be used in contrasting mutagens. Clearly, to measure muta 
genic activity of a series of compounds at concentrations of the agents that 
give equal kill, say at the 5 or 1 per cent survival level, is not a useful yard. 
stick for evaluating nontoxic substances. Parenthetically, it is not certair 
that the selection of equal killing levels is valid even for comparing mutagen: 
having a toxic effect; these questions cannot be answered until we know muck 
more about the mode of action of mutagens (Auerbach®). The significance 
of the results described in this paper lies, not in the frequency of mutagenesi: 


4 
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»bserved, but in the positive mutagenic activities. One would not neces- 
arily expect a high degree of correlation between mutation frequency and 
sarcinogenicity. The conditions, period of contact, effective concentration, 
ind probably gene mutability are so vastly different when carcinogens are 
upplied to mammalian tissues that they negate any attempts at quantitative 
comparisons. 

Even valid qualitative comparisons are difficult between results of experi- 
ments on mutagenesis in microorganisms or other lower forms and on car- 
sinogenesis in mammals. Insofar as such comparisons are possible, it would 
seem that only positive correlations are significant. The demonstration of 
even weak mutagenic activity of a carcinogen in any organism would seem 
to constitute good grounds for the assumption that it is capable of inducing 
genetic changes in mammalian cells, since genic material is basically similar 
in all living organisms. Negative tests for mutability are subject to the 
same question as any negative results, and may be attributable to basic 
differences in cell metabolism. For example, there is a considerable body of 
evidence that metabolic products of the carcinogens are the biologically active 
molecules. Since it is unlikely that cells of Newrospora and mammalian 
issues would metabolize carcinogens identically, this difference may lead to 
different qualitative as well as quantitative effects of carcinogens in the two 
cases, as in the apparent mutagenic inactivity of 4-dimethylaminostilbene 
and 2-acetylaminofluorene in Neurospora. 
__ Another important factor in evaluating these results is the role of selection 
on the mutations produced. Again one would expect a greatly different 
Situation in microorganisms than in mammalian tissues. Confining con- 
deration to Neurospora for the moment, the reconstruction experiment 
reported in this paper suggests that, under the conditions of our experiments, 
nuclei containing mutations for both nutritional and visible characteristics 
were strongly selected against during the growth of the culture. One might 
infer that the actual mutation frequency was much higher. Our assumption 
was that, because of the nontoxicity of these agents, contact for a long period 
of time between the carcinogen and mycelium was desirable in order to permit 
maximum mutagenic action. This may have been an erroneous assumption. 
en if it were possible to design experiments that would shed more light 
these two factors—the optimum period of contact for mutagenic action 
d selection against the induced mutants—the results would add little to 
our understanding of the action of these agents in mammalian cells and 

issues. Unfortunately, only the most rudimentary knowledge exists on the 
‘selective forces operating on a hypothetical mutant cell of the type that 
vould give rise to malignancy in mammalian tissues. They are undoubtedly 
ery different from those existing in the experiments just described. Paren- 
hetically, if mutation is responsible for carcinogenesis, understanding of 
t these complex selective factors would seem basic to practical therapy 
d control of cancer. The recent dramatic advances in tissue culture of 
nammalian cells now make studies of this sort practicable. 
Haldane long ago pointed out that the mutation hypothesis of cancer 
‘is experimentally untestable, since a formal genetic analysis of mammalian 
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somatic cells is impossible. Conversely, the objection is raised that organ! 
isms such as Neurospora, in which division into germinal and somatic cell 
does not exist, do not possess a degree of cellular organization that woul 
make it possible to detect a “malignant cell type.” Indeed, the data in thi: 
paper establish only that certain carcinogens are weak mutagens and thas 
the mutations recovered are gene mutations. Any significance is basee 
upon the extrapolation that assumes that mutation is a common property 
of all genetic material and that cell-to-cell organization in a mammalia 
organism is ultimately gene controlled. Certainly the mechanism of gene 
control of cell-to-cell organization remains to be established; that is, how fa 
a differentiated cell is controlled by its genetic make-up and how far by it: 
being differentiated, remains an open question. This has been eloquently 
pointed up by Schultz elsewhere in this monograph. q 
Considerations such as those briefly discussed here obviously make impos: 
sible a definitive conclusion as to the role of mutation in carcinogenesis 
We feel, however, that the mutagenic activities of the carcinogens her 
reported, and other similar findings, are at least not inconsistent with tha 
hypothesis that somatic mutation is involved in carcinogenesis. Unfor1 
tunately, it is equally clear that experiments with any nonmammalian organ: 
isms can never provide more than circumstantial evidence on this question! 
A final answer can be reached only through studies on the biological and bio: 
chemical behavior of human cells, and on the correlation of these properties 
with genetic constitution. : 
To date, genetic analysis of malignant cells has not been accomplished 
We have now come full cycle in Haldane’s argument, but certainly the 
future for genetic analysis of somatic cells does not appear too discouraging 
The parasexual cycle elucidated by Pontecorvo” and his associates | 
lishes the fact that, at least in completely asexual forms of fungi, a mecha- 
nism for genetic analysis is available. Asexual nuclear fusion, recombinatior 
via somatic crossing over, and the return to haploidy via aneuploids are al 
parts of the parasexual cycle. The fusion of cells in sarcoma 180 in th 
ascitic form observed by Law”! may, we hope, be a first step in genetic analy. 
sis of somatic cells of higher organisms. The chromosomal behavior in cell: 
of mouse tissue cultures reported by Levan in this monograph may provide 
material for genetic analysis of somatic cells. The genetic phenomena 6 
transduction and transformation observed in certain bacteria may have thei 
counterpart in mammalian cells (Lederberg”*). Thus, the time may not bi 
too far distant when a rigorous testing of the hypothesis of the mutationa 
origin of cancer will become feasible. 
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Summary 


ae! 


Eight carcinogenic substances were evaluated for mutagenic action a 
measured by the induction of biochemical and morphological mutant strain 
in the fungus Neurospora crassa. The technique employed consisted c 
growing a microconidial strain in the presence of the carcinogen, transferrin 
the mycelium to a medium on which conidiation would occur, plating th 
conidia, and isolating and testing colonies derived from single microconidié 
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Based on the biochemical mutants recovered, it is concluded that 20-methyl- 
holanthrene, 9,10-dimethyl-1,2-benzanthrene, 1:2,5:6-dibenzanthrene, and 
/-methy|-p-dimethylaminoazobenzene are weakly mutagenic. Based upon 
he total mutants recovered, biochemical plus morphological, in addition to 
ne above compounds 4’-amino-2,3-azotoluene is weakly mutagenic. 4-Di- 
1ethylaminostilbene and 2-acetylaminofluorene were found not to be 
letectably mutagenic. 
_ Formal genetic analysis was carried out on most of the biochemical mutant 
trains. No evidence was found that any of the strains contained gross 
chromosomal aberrations. Three of the 20-methylcholanthrene-induced 
jiochemical mutant strains were examined for reversion to prototrophy, and 
ull were found to revert. Genetic analysis of two revertants of each strain 
tablished the fact that the reversion was due to back mutation at the 
priginal locus. 
The implications of these findings are discussed. 
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MUTATIONS OF VIRUSES IN RELATION TO NORMAL AND 
ABNORMAL CELL FUNCTION* 


By S. E. Luria 
Department of Bacteriology, University of Illinois, Urbana, Il. 


Bacteriophage Mutations and the Genetics of Bacteriophage 


Variation is observed in viruses of all groups and can affect any of their 
letectable properties, including host range and pathogenicity. The mecha- 
1ism of mutation and the effects of mutation on virus growth and function at 
he cellular level have been studied only on bacteriophages. With plant 
firuses, on the other hand, some information exists on the effects of genetic 
ariation on the chemical composition of the virus protein (Knight, 1957). 

The peculiar opportunities of the bacteriophage-bacterium system, and 
he identification of the phage genome with desoxyribonucleic acid (Hershey 
ind Chase, 1952), make possible quantitative studies of the process of phage 
mutation itself and of its relation to phage chemistry and replication; of the 
srganization of the mutable elements in the phage genome, through the 
unalysis of genetic recombination; and of the function of the mutable ele- 
ments, by the analysis of the functional blocks and changes in phage func- 
ions brought about by mutation. 
Thus, we know that spontaneous phage mutations occur by random events 
that take place during exponential replication of phage genomes (Luria, 
[951); that the mutable elements behave in ‘‘crosses”’ as stable, recombinable 
mits linked in a linear array (Hershey and Rotman, 1948; Benzer, 1957); 
that mutations can result from incorporation of pyrimidine analogues into 
the phage desoxyribonucleic acid (DNA) during its biosynthesis (Litman 
und Pardee, 1956); and that the quantal element of mutation and recom- 
sination comprises at most a few nucleotides, more probably a single one, 
whereas the quantal element of genetic function or “cistron” extends over 
indreds or thousand of nucleotides (Benzer, 1957). 

‘There are some phage mutations that express themselves, not (or not only) 
Be \ierations in the properties and growth of the phage itself, but also in 

ne properties and functions of the bacterial host cells. These mutations 
srovide useful models for our consideration of the cancer cell and the role 
oe in normal and abnormal developmental processes, and constitute 
the subject matter of this paper. 


Genetic Functions of Bacteriophage 


Whenever virus infection does not lead to immediate cell destruction it 
comes possible to detect changes in cellular functions that appear to be 
ntrolled by the virus acting as a genetic determinant. The tumor viruses 


-* The work reported in this paper was supported by a grant from the American Cancer 
ety, Inc., New York, N. Y., and by Research Grant E-1807 from the National Institute 

‘Allergy and Infectious Diseases, Public Health Service, Bethesda, Md. 

Z 1085 


1086 Annals New York Academy of Sciences | 
are the most appropriate example of a viral control over cellular morpho-t 
genesis, that is, over the cellular response to the regulatory activity of the 
environment. : 

Even in rapidly destructive viral diseases, such as the lytic infection 0} 
bacteria with phage, we can interpret individual events in viral biosynthesi 
and cellular dysfunction as due to specific genetic functions of the virus that 
can be altered by mutation. With phage, these include: (1) control overt 
reproduction of viral DNA; (2) control over production of enzymes specifi 
cally needed for synthesis of DNA constituents (Barner and Cohen, 19544 
Flaks and Cohen, 1957); (3) suppression of synthesis of certain cellular 
enzymes (Cohen, 1949); (4) control over the synthesis of viral proteins 
which behave as gene products synthesized at large in the cell and used ini 
the final building of mature phage particles (Streisinger, 1956); (5) contro 
over lytic enzymes, which may play a role in cellular lysis (Huppert an 
Panijel, 1957); and (6) control over enzymes that can destroy slime layers 
around the cells (Adams and Park, 1956). 4 

It is, however, in the persistent type of infection (that is, in lysogenic: 
bacteria) that the genetic control by phage over what appear to be pure 
cellular properties is most evident. In lysogenic bacteria the phage is 
present as ‘‘prophage” (Lwoff, 1953) in every cell; it manifests itself by the 
occasional production of mature phage, liberated by lysis of a certain pro+ 
portion of the cells. Besides the production of phage, the prophage controls 
a number of other cellular characters. These include a whole range of prop- 
erties, from immunity to lysis by phages related or unrelated to the ee | 
(Bertani, 1953), to ability to produce toxin (in Corynebacterium diphtheriae, 
Freeman, 1951), to changes in the antigenic composition of the bacteri: I 
surface (Iseki and Sakai, 1953). 

These genetic functions express themselves in what have been termed 
“conversions,” that is, in persistent differences between lysogenic and non- 
lysogenic cells. Since prophages, at least in cases analyzed in Escherich 
coli, appear to be located at specific sites in the bacterial chromosome (Leder- 
berg and Lederberg, 1953; Bertani, 1958), conversions might express fu 
tions specifically exerted by prophages acting from their chromosomal loca- 
tion. Our recent analysis of the control of conversion of Salmonella antigen: 
by a phage (Uetake e¢ al., 1958), illustrated in FIGURE 1, shows, however 
that the new property—formation of somatic antigen 15 and pile 
of antigen 10—appears within minutes after infection, even in cells destinec 
to lysis. The antigenic change reaches nearly complete expression a 
infected cells that survive and, by segregation, lose the phage within a fey 
generations. The phage genome, however, is not simply an activator of 
latent potentiality of the cells. In the cells that lose the phage, the ne 
antigen is diluted away, and the cells resume synthesis of the original antigen 
To paraphrase Rous’ dictum (1943) about tumor viruses, the phage is 
persistent and actuating cause of the conversion in cellular functions. Isha 
return below to this example to illustrate the role of mutation in changin 
virus-controlled cellular properties to what appear to be persistent, nonvira 
properties. 
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Tt may be worthwhile pointing out here the suggestive analogy between 
rus-controlled changes that make bacterial cells agglutinable or unaggluti- 
ee by specific antisera, and the changes involved in cancerization, which 
ake cells unresponsive or over-responsive to growth-restraining or growth- 
romoting substances in their environment. 
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‘Ficvure 1. Antigenic changes controlled by phage e!5 in Salmonella. The oval sym- 
jls represent bacterial cells. The empty areas on the bacterial surface represent 
ntigen 10; the full areas represent antigen 15. Phage particles are represented by the 
rcles with attached tails. The phage genetic material is identified by the letter e. Segre- 
ation of lysogenic and nonlysogenic cells (10 per cent and 90 per cent, respectively) occurs 
| the progeny of the infected cells that survive (Uetake et al., 1958). 


Mutations A ffecting the Relation of Phage to Cellular Functions 


“Mutations from temperance to virulence. A phage that can lysogenize the 
cteria it infects is called temperate; a phage that cannot do so is called 
ilent. Mutation from temperance to virulence has long been known. 
netic analysis of such mutations (Levine, 1957; Kaiser, 195 7) has revealed 
t a number of functions are required for lysogenization, each function 
ag controlled by a specific “cistron” in the phage genome and subject to 
etic blocks by mutations at any one site within that cistron. In mixed 
ection, mutants blocked in different functions can cooperate in producing 
ygeny. Some of the mutations, however, also suppress the ability of the 
ize to become a stable prophage; these mutant phages may persist in 
ected cells for a few generations, but the cells that carry them will soon 
e destroyed. 

‘Thus, the mutations to virulence eliminate the ability of a virus to become 
yersistent genetic determinant within a persistent cell lineage. They 
‘firm the surmise of a continuous transition and intimate relationship 
ween the destructive and the proliferation-inducing types of animal viruses 
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(Duran-Reynals and Shrigley, 1945) and specify the details of the mutations 
process by which one type may arise from the other. | 
Mutations of prophages to defectiveness. Occasionally a lysogenic ba 
terium gives rise to mutants that are defective in lysogeny (Jacob ar 
Wollman, 1956). Production of phage is absent, but other prophage-con 
trolled properties, such as immunity and susceptibility to lysis by exposull 
to “inducing” agents (Lwoff, 1953), persist. The defect is due to a mutati 
in the prophage, and can be repaired by back mutation. The mutation 
site can be located in the linkage map of the phage (Appleyard, 1954). 
The importance of these genetic defects of prophage is that they suppre 
the viral aspect without eliminating the other genetic functions of the pr 


phage. This is illustrated in FIGURE 2, based on unpublished observation 
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Ficure 2. Mutations to defectiveness and to loss of prophage in Salmonella iysoui 


for phage ¢!8. The broken letter indicates the defective prophage (H. Uetake, a 


lished data). i 


by H. Uetake on Salmonella antigens. The defective bacterial mutants d 
not produce any phage, but retain the phage-controlled antigen 15. 
the defect is in the prophage itself is indicated here by the fact that when 
additional mutation (presumably a loss of the defective prophage) remove 
all prophage-controlled functions, relysogenization with normal phag 
restores the normal lysogenic condition. : 
Thus, a cellular character such as the specific surface antigen, a 
initiated by virus infection and maintained by a persistent provirus, rema 
unchanged when the provirus become operationally indistinguishable | 
any “‘nonprovirus” fragment of host genome. The sequence virus — p 
virus > defective provirus illustrates the transformation of infectio 
heredity into stable cellular heredity. The reverse mutation, from defectin 
provirus to normal provirus, illustrates a mechanism by which cellular cha 
acters may acquire transmissibility by viral infection. \ 
Special transduction by phage ». The final instance to be discuss 
(FIGURE 3) is the genetic change that gives rise to “high-frequency tran 
duction” by phage \ (Morse ef al., 1956; Campbell, 1957; Arber ef al., 1957 
In the lysogenic bacteria the prophage A is located near the Gal genes co 
trolling galactose utilization. These bacteria produce, among normal pha 
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Ficure 3, The transduction of Gal locus by defective phage \ (based on data by 
ther et al., 1957). The genetic material of the defective phage can persist in unstable 
rm in the progeny of infected bacteria. These bacteria are detected as heterogenotes for 
.e Gal characters. The insert represents one interpretation of the genetic constitution 
hages and bacteria, based also on experiments on phage recombination. 


articles, a small proportion of Gal-transducing particles that can transduce 
ecifically to a recipient cell the Gal genes of the donor cell. These phage 
articles, however, are defective. They lack the ability to initiate ‘phage 
reduction and to become persistent, stable prophages; the recipient cells 
wry the tranduced Gal genes, apparently coupled with the defective phage 
ement, in a “‘heterogenote” state. The defective phages lack some of the 
hage gene loci, and the Gal region may actually replace the missing phage 
snes. ; 

his example illustrates another type of mutational change by which a 
agment of cell genome may become subject to viral transmission. Here 
1€ mutation appears to involve a chromosomal rearrangement between 
‘prophage element and a neighboring genetic element of the bacterial 
aromosome. 

= Conclusion 


ee of transformation (Hotchkiss, 1956) and transduction (Zinder, 
955) have indicated that all elements of the bacterial chromosome are 
eee tially transferable from cell to cell if they happen to gain access to a 
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receptive cell, either through artificial chemical manipulations by an ex per 
menter, or naturally, through accidental inclusion into a viral vector partic 
Infectionlike transfers of genetic elements of animal and plant cells, whetha 
chromosomal genes or “plasmids,” have been inferred from evidence of mar 
kinds (Lederberg, 1952). : 

Studies on bacteriophage have led us to consider these viruses as frag) 
ments of hereditary material that are not only transferable but also endo ye: 
with the genetic ability to control their own maturation into virus particles 
that is, to determine the synthesis of a specific apparatus designed for thes 
own transmission to other cells. The degree of resemblance between vi 
and nonviral fragments of the bacterial genome cannot yet be evaluate 
fully; for example, we do not know whether a prophage acquires its chroma 
somal location by attaching itself sidewise to an otherwise linear chromosoma 
sequence, by attaching to the chromosome as one of many similar sid 
chains, or by inserting itself within the linear chromosome, possibly bk 
recombination with a homologous region lacking the gene alleles required fc 
viral development. | 

The examples discussed in this paper illustrate known instances of muta; 
tional changes from genetic elements that behave as “pure viruses,” suct 
as virulent phages, to genetic elements that behave as nonviral pie | 
of heredity. These mutational transitions, and the similarity of gene actio‘ 
exerted by viruses in destructive and in persistent types of infection, indicat 
that gene control and virus control over cellular functions are two aspect 
of the same genetic mechanism. This concept removes any a priori incom 
patibility between a viral and a genetic theory of cancer etiology. It reduce 
the interpretation of virus-induced cancer to that of the control of cellula 
development and differentiation by genetic elements capable, either intrir 
sically or by association with other specialized genetic units, of assuming @ 
infectively transmissible form. 
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GENETIC ASPECTS OF HORMONAL INFLUENCES ON CANCE 


; 


By W. U. Gardner 
Department of Anatomy, Yale U niversity School of Medicine, New Haven, Conn. : 


This is a particularly difficult topic to discuss because so much of whi 
is known about the subject is in terms of species differences or strain diffe; 
ences, little having been done on the genetic analysis of these qualitatir 
differences. The strain differences are often quantitative; they appear 
stages of ontogeny that are late or that are conditioned during prolong 
periods of study. The genotype predisposing to—or, we might assume f 
the time being, responsible in part for—tumors related to endocrine 
turbances usually becomes manifest late in the life of the animals. Pr’ 
monitory indicators are largely, if not entirely, unknown. ? 

Charles Stockard! sought evidence of endocrine influences on the regi 
lation of growth of dogs or of their different parts. Ifa conclusion cout 
be drawn from these studies it would probably be that it is not a qualitativ 
or quantitative difference in the hormonal environment that is inherited — 
regulate the unique somatic differences in dogs but, more commonly, th! 
it is differences in the end organs; thus certain long bones and facial bona 
presumably conditioned by contrasting hormonal environments, coul 
coexist in the same body. , 

Genetic influences may exert their effects upon (1) the endocrine glar 
producing the hormone that influences the amount, periodicity, or kind » 
hormone produced; (2) those mechanisms that regulate the excretion : 
inactivation of hormones; or (3) those mechanisms that may modify tl 
capacity of end organs to respond to the hormones produced and retain¢ 
in the body. These points will be taken up individually. : 

First, one might ask whether hormonal influences have anything to < 
with cancer and, if so, how the perimeters in which these influences exist a 
defined. If a carcinogen is defined as a substance whose application resul 
in the appearance of tumors that otherwise would not have appeared, th 
some hormones are carcinogenic. Tumors of at least eleven different or 
or tissues arise in animals of different species or strains under conditio 
that implicate hormonal influences in their etiology.” If we consider o 
those tumors that appear in mice of the inbred strains and that are associat 
with endocrine influences, we must include tumors of the mammary glan 
uteri, lymphoid tissues, pituitary glands, testes, ovaries, adrenal cortex a 
medulla, and thyroid. Strain differences exist in the frequency of appé 
ance of most of these tumors in mice subjected to the influence of hormon 

In this paper I shall restrict myself to a discussion of some genetic a 
hormonal aspects of testicular and pituitary tumorigenesis in mice and 
strain differences of a quantitative nature in vaginal responses to estroge! 


* The work reported in this paper was supported in part by a grant from the Natio 
Cancer Institute, Public Health Service, Bethesda, Md.; and by the Jane Coffin Ch 
Memorial Fund and the Anna Fuller Fund, both in New Haven, Conn. 
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Pituitary Tumors* 


Few untreated mice in our colony have pituitary tumors, even when kept 
| advanced ages. I have seen but one; it appeared in a mouse with ovarian 
anulosa cell tumors. Subsequent to estrogen treatment for prolonged 
riods, pituitary adenomas of nongranular or chromophobic cells appear 
ae in mice of one strain, but rarely or never in mice of other strains.> © 
ice of the C57 strain showed a relatively large number of such tumors after 
trogen treatment.’ Subsequently it was found that hybrid mice obtained 
“mating mice of the C57 strain with those of the C3H and CBA strains 
hich are not susceptible to pituitary tumors) also acquired pituitary 
mors when subjected to estrogen treatment. 

‘These tumors appeared more frequently earlier, and attained larger sizes 
males. They did not appear if testosterone propionate, in adequate doses, 
as given simultaneously with estrogen. Backcross mice tended to resemble 
ie predominating heritage.’ The predisposition to pituitary tumors 
peared to be conditioned by a dominant gene or genes. 

Beyond this point analysis becomes difficult. Prolonged hormonal treat- 
ent is required before the tumors appear, and intervening causes of death, 
ymetimes directly related to hormone treatment, increase the difficulties. 
ew tumors appear in mice treated less than 400 days. Furthermore, the 
rmone may be acting in 1 of 3 ways: (1) it may be inciting the original 
soplastic change; (2) it may be required for growth of the cells that have 
sviated independently of the hormone; or (3) it may act to alter factors 
iat restrict growth of the tumors and hence indirectly may affect the pheno- 
pic manifestation. 

The above possibilities have not been subjected to critical test. Some 
ads have been obtained, however, by following tumors after cessation of 
yrmone treatment or after transplantation into other hosts. Every 
litary tumor we have transplanted that has arisen in an estrogen-treated 
ouse has grown only in estrogen-treated hosts, and we have followed 
yproximately 50 during the last 17 years, some for as long as 6 years. For 
ir growth the tumors depended on estrogen and hence might qualify for 
e second possibility mentioned above. However, this conclusion is not 
nvincing for 2 reasons: (1) when estrogen treatment is withheld from mice 
“aring the primary tumors they continue to persist and grow, and (2) after 
ansplantation into estrogen-treated hosts the tumors do not grow imme- 
ately, but appear only after prolonged latent periods, usually when the 
st begins to show a primary pituitary tumor as well. These observations 
m be explained best by assuming that the third possibility mentioned 
sove is true, namely, that estrogen may modify the environment in some 
ay to permit growth of the tumor. 

Some of these possibilities can be attacked experimentally, although this 
... yet been done adequately with the pituitary tumors. All of the 


*T shall not refer to all of the studies made on the formation of pituitary tumors or 
sticular tumors. An extensive review of this subject has appeared recently in Cancer 


search. 3 


Peano 
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normally occurring estrogens tested, or their esters, and stilbestrol are effe 
tive in producing pituitary tumors when given in adequate and comparabh 
physiological doses, but TACE* is much less effective. Pituitary tumop 
that occur subsequent to thyroid impairment and ionizing irradiation ma 
not be so strain limited. ] 
In summary, we may say that the tendency of pituitary tumors to appe 
in estrogen-treated mice is (1) strain limited, and (2) transmitted by bott 
‘males and females to hybrid animals, indicating an apparent dominant trans 
mission. At this time we cannot be sure whether the pituitary gland itse: 
is different, the metabolism of the hormone or the action of the hormone 0 
other parts of the body indirectly affecting the pituitary; nor can we | 
certain whether the hormone incites a primary change in the pituitary, pr 
vides growth aids for cells otherwise modified, or modifies the resistance ¢1 
the body to control pituitary growth. Fewer mice given estrogens of 
triphenyl ethylene group have acquired pituitary tumors than those give 
estratriene estrogens or stilbestrol. | 
Testicular Tumorigenesis ; 
The strain differences in the appearance of testicular interstitial Ce 
hyperplasias in estrogen-treated mice were first observed in our laborator} 
about 20 years ago. Mice of the A strain given any one of several estrogen 
failed to show the testicular atrophy such as that observed in mice of othe 
strains. The testes remained large and became yellowish, and the intes 
tubular spaces filled with interstitial cells. Testicular interstitial cell tumor 
(ict) were later noted in estrogen-treated mice of this strain.*!! Subse 
quently mice of the Bagg albino strain,'? from which the Strong A strai 
originally developed,'* also showed ict when similarly treated. : 
Hybrid mice obtained by mating either male or female mice of the A strai 
with mice of other strains acquired testicular ict after estrogen treatment. 
In fact, 3 untreated controls of such parentage had ict.!° The incidenc 
among the hybrids has never been high, usually between 10 and 35 pe 
cent.!6 More convincing experiments have not been done because othe 
types of tumors such as mammary or lymphoid often appeared earlie 
Nevertheless, the tendency seems to be transmitted genetically as a partie 
dominant (TABLE 1). i 
TACE, when injected for long periods of time, has been associated w 
the appearance of ict in mice in which these tumors have not appeared aft 
the injection of other estrogens.!® 1” 
Eight of 27 C57 mice and 46 of 92 hybrid mice (C57 X CBA) develop 
‘ict when given TACE for prolonged periods (raBLE 2). None of 15 mi 
of the A strain similarly treated had ict, although treatment with a rela 
substance, triphenylethylene, was frequently associated with ict in sre 
this strain. It is possible that 2 different factors are involved, or that @ 
hormones are metabolized differently in mice of different strains. Expe 
ments done up to this time have not been extensive enough to exclude # 
possibility that quantitative differences in estrogen level are of important 
* TACE is the synthetic estrogenic substance tri-para-anisy] chloroethylene, i 


a —— 
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A 

“a TABLE 1 

APPEARANCE OF TESTICULAR INTERSTITIAL CELL Tumors IN Hysrip Mice GIvEN 

; ESTRADIOL AND ESTRONE, OR THEIR ESTERS, AND STILBESTROL OVER 
PROLONGED PERIODS? 


Treatment 
— ° 
a Strain or cpsizrnne aia ba Stilbestrol 
iS group 
No. of 
mice 
No. of | Average age | No. of | No. of | Average age 
tumors at tumor mice tumors at tumor 
A X C57 47 1 350 10 1 468 
C57 XA 53 6 495 12 3 411 
A x< C3H 55 6 486 14 2 434 
mesH K A 70 7 413 11 4 399 
C57 x< CBA 43 — (431)* 10 — (561)* 
CBA X C57 38 — (427)* 10 — (453)* 


* The average age of survival of all the mice in the group. 


, 


THE APPEARANCE OF INTERSTITIAL CELL Tumors IN MIcE or DIFFERENT 


ae TABLE 2 
Gy INBRED STRAINS OR Hysprip Groups” !5, 17 


wos mt oF TRIPHENYLETHYLENE (TPE) AND Tri-p-ANISYL CHLOROETHYLENE (TACE) 
- ON 


is 


ff Estrogenic Rican No. of animals No. of aS ees 
z chemical reported ict (mouths) Pee 
‘< 
om .TPE jK* 13 d 8-16 
= TPE A 17 7 15-18 
TPE C3H* 6 1 9-22 
-. TPE C121* 5 0 18-25 
TPE N* 5 0 13-21 
PPACKH. «| CBA* 17 0 17-92 0 
BTACK, | A 15; 0 10-15 0 
TACE.| C57* 27 8 11-19 0 
TACE | C3H* 14 0 12-18 0 
~TACE- | BC* 37 0 10-21 5 
Peon | BC X.C5T* 27 0 10-27 17 
PTACK. KA xX C57 14 10 15-23 0 
TACE | A X C3H 24 4 11-32 0 
“TACE | C57 X CBA* 92 46 8298 5 


nzoate.? 


c J . . . ~ . 
* Mice of these strains have not had ict after injections of stilbestrol or estradiol benzoate. 
fice of the strains or groups not so designated have ict when given stilbestrol or estradiol 
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Mice of the BALB/C strain seem to be especially susceptible to the formaz 
tion of ict after estrogen treatment.!® Mice of one strain!® frequently have 
ict without the injection of exogenous hormones, but the appearance or 
mammary cancer in males of this strain indicates an unusual intrinsix 
source of estrogen. : 

At one time it was thought that the testicular tumors arose becaus 
estrogens modified pituitary function; the assumption was made that th 
pituitary glands of mice of different strains were affected differently.® * 
This assumption has never been proved. Ict and pituitary chromophob 
adenomas have been coexistant on a few occasions, indicating that th 
2 responses are not mutually exclusive.!* 

The differences in response do reside in the testes, however, as has beer 
demonstrated recently.2° When testes of mice of the A strain were trans 
planted subcutaneously into hybrid mice (A X C3H) that were subsequently 
treated with estrogens, they acquired ict. Testes of mice of the C3H strait 
similarly transplanted did not become tumorous (TABLE 3). Such teste 
were presumably in a comparable hormone environment. This does no: 
mean that pituitary hormones are not involved, but it certainly means thai 
strain differences in the effects of estrogens on the pituitary gland need no< 
be assumed. 


i 
TABLE 3 ' 
Tumors IN TRANSPLANTED TESTES IN MALE MIcE GIVEN STILBESTROL-~CHOLESTERO! 
(1 Part to 3 Parts) - 
Testes of Newborn Mice Were Transplanted in Hosts 29 to 108 Days of Age*® ; 
4 
Donor Host Number | Number of tumors } 
4 
A A 9 3 ' 
C3H C3H 12 1 Nodule , 
A (A X C3H) 42 26 ;. 
C3H (A X C3H) 49 1 ‘ 
(Asx< GSH) (A X C3H) 14 4 1 


Again we have no critical evidence as to whether estrogen acts (1) | 
a carcinogen in inciting directly or indirectly the neoplastic change in th 
testis or (2) as a growth requirement for deviated cells. Certainly most 
the ict are dependent upon estrogen for their growth when they first appe 
Some ict regress if treatment is withdrawn after they have appeared,'* bu 
may subsequently reappear and grow progressively. After transplantatior 
most of the ict in mice of the Strong A strain grow only in estrogen-treate 
hosts. They may remain dormant for months in the absence of estrogen an 
then promptly begin to grow when estrogen is added.?!_ After prolonge 
transplantation most tumors begin to grow in the absence of estrogen. 

The changes from normal to abnormal to autonomous seem stepwise, eac 
step requiring time that can be measured in months or even years.!!_ If th 
changes are temporally progressive in a continuous sequence, then we al 


| 
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cognizing only separate stages in the continuation—hence their stepwise 
ppearance. Some of the neoplasms may be in part ontogenically manifest. 
They may be determined by the genotype, the hormones only modifying 
the age of phenotypic manifestation. 


Vaginal Sensitivity to Estrogens 


Differences exist in the sensitivity of end organs to hormones as deter- 
mined by non-neoplastic responses as well. Loeb and his associates” noted 
fferences in the frequency and duration of vaginal cornification in mice of 
several strains. Such differences could be due to differences in pituitary or 
arian function, or both. Subsequently several investigators noted strain 
differences in the vaginal response of ovariectomized mice of different strains 
to injected estrogens.”* ** These differences might be due to (1) strain 
differences in the sensitivity of vaginal epithelium, (2) strain differences in the 
mechanisms of destroying or excreting estrogens, or (3) strain differences in 
the presence or absence of inhibiting or augmenting substances. Miihlbock?? 
rather convincingly excluded the second possibility by showing that the 
topical application of estrogen disclosed comparable strain differences. This 
approach would not separate the first and third possibilities. 
~ Hybrid mice derived from strains with contrasting vaginal sensitivities 
to estrogen show intermediate and usually more consistent sensitivities. 
The vaginas of mice of pure strains will transplant well in their hybrid off- 
spring. Hence it is possible to get a vagina from a strain sensitive to estrogen 
and one from a strain of low sensitivity in the same environment.” Vaginas 
of mice of the A and the C57 strains have been transplanted into hybrid 
hosts (AC). Also, vaginas of A donors have been put in A hosts, C57’s in 
C57 hosts, and AC’s in AC hosts. The transplanted vaginas do not respond 
to injected estrogens as well as do intact vaginas; about twice as much 
estrogen is required. The vaginas of C57 donors are twice as sensitive to 
estrogen as those of A donors, even in the same host. This offers evidence 
that strain differences lie in the vaginal tissue itself and not in the presence 
of augmenting or inhibiting substances in the body. It does not, however, 
prove the first point, because ontogenic experiences prior to transplantation 
may condition the tissues by inducing irreversible changes. For example, 
it is known that androgens given prenatally will prevent the development 
of the lower vagina. We must assume the possibility that end organs may 
be modified with respect to responses to hormones by earlier ontogenic. 
experiences, the latter in turn being genetically determined. 


Summary 


? 


A Some of the evidence that genetic factors determine qualitative differences 
in responses to hormones that result in or lead to neoplasia has been pre- 
Bcd, with special reference to the pituitary gland and testis. The sus- 
ceptibility to tumors of the pituitary gland and testis was rarely apparent in 


untreated mice, and appeared after prolonged periods of estrogen treatment 
in mice of some strains, but not of others. Predisposition for these tumors 
is transmitted by both male and female parents to their hybrid offspring. 
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The tumors are usually hormone dependent when transplanted to relate 
hosts but, after becoming established, the testicular tumors are hormone 
independent. It is possible that the tumors may produce, when they attair 
suitable sizes, products that will contribute to their growth. sas 

Rather convincing evidence shows that the genetic predetermination fo 
testicular tumors in mice of the A strain is in the testis and not in systemid 
differences in hormone levels or in the production of pituitary hormones 
That more than one mechanism may be involved in testicular tumorigenesi 
is indicated by strain differences in responses to different estrogens. The 
possibility of quantitative differences in susceptibility has not been exclude 


completely, however. ; ; 
Quantitative differences in responsiveness of the vaginal mucosa t 


estrogens have been demonstrated to be in the vaginal epithelium, and are 

not due to differences in the metabolism of estrogen or the presence 0 

augmentors or inhibitors. i 
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RELATIONSHIPS, ESTABLISHED AND PROSPECTIVE, } 
BETWEEN VIRUSES AND CANCER ; 


By Wendell M. Stanley . 
Virus Laboratory, University of California, Berkeley, California t 


The first direct causal relationship between cancer and a virus was estab- 
lished experimentally in 1908 by Ellermann and Bang in their work on the 
transmission of fowl leukemia by means of cell-free preparations. Unfor- 
tunately, this important experiment failed to have the impact on contempo-: 
rary investigations that it should have had because the neoplastic nature 
of this disease was not then clearly recognized. However, shortly there- 
after, in 1911, Peyton Rous, working at the Rockefeller Institute for Medical I 
Research, New York, N. Y., found that a sarcoma that appeared spontane- 
ously in a Plymouth Rock chicken could be passed from chicken to chicken | 
by means of cell-free filtrates. Clearly, here was a malignant growth caused | 
by a virus or viruslike agent. At first, chickens closely related to the chicken | 
in which the sarcoma originated were necessary for successful transmission, , 
but later this virus was adapted to other kinds of chickens and to other types | 
of fowl such as ducks, turkeys, and pheasants. In some cases this involved | 
several passages in the new host by means of cells before it became possible to | 
pass the sarcoma by means of cell-free filtrates. Although for some years this | 
caused much doubt regarding the true relationship between the virus and the ! 
sarcoma, the Rous virus did serve to set the pattern, and today tumor viruses. 
of chickens and other avian species are accepted without question. In addi- 
tion, the situation with respect to fowl leukemia has been clarified somewhat, 
although areas of uncertainty remain. Beard (1957) and his associates have 
concentrated and purified two distinct viruses, one responsible for nyelobiaa 
leukemia and the other for erythroblastic leukemia. Burmester (1957) has 
obtained evidence indicating that lymphomatosis is characterized by a group 
of related viruses. It is possible that all or most of the avian leukemia anc 
tumor viruses, including the Rous virus, may be related more or less se 

In 1932 Shope found a fibroma of rabbits that was caused by a virus. 
Later, Berry and Dedrick (1936) reported that inoculation of a mixture of 
heat-inactivated myxoma virus and active fibroma virus resulted in myxoma= 
tosis. This very interesting situation is still greatly in need of further 
experimentation. In 1940 Duran-Reynals noted that inoculation of new- 
born rabbits with small doses of fibroma virus caused tumors or generalized 
fibromas, whereas larger doses of the same virus caused necrotic inflamma- 
tory lesions not very different from those caused by myxoma virus. Thi 
work was the forerunner of much important later work of a similar nature 
with still other viruses by Duran-Reynals. 

In 1933 Shope discovered in our native wild cottontail rabbit the now 
famous papilloma virus of rabbits. This virus causes a benign tumor or 
papilloma in the wild rabbit that only occasionally develops into a malignant 
growth with metastases. However, inoculation of domestic rabbits is 
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ollowed by the development of papillomas that, unlike those in wild rabbits, 

appear to contain no infectious virus and almost always progress into cancers 

n which there still seems to be no infectious virus. Immunological evidence 

or the existence of virus in the domestic rabbit papillomas and cancers has 

been obtained by Smith e¢ al. (1952). Furthermore, Rous and Friedewald 

(1944) have found that the cancers derived from papilloma virus-infected 

rabbit cells on treatment with chemical carcinogens or tar were of the same 

type that arise from these cells spontaneously after a much longer time. 

This work would seem to indicate that the chemical carcinogens acted by 

way of the virus. The rabbit papilloma virus has been concentrated and 

purified, and many of its biochemical and biophysical properties have been 

studied. Needless to say, the unusual opportunity provided by this system 

to study the transition from a benign virus-induced papilloma to a malignant 

growth has been and is still being extensively investigated. During recent 

years papillomas of the skin and oral mucosa of several different animals, 

such as horses, cows, cats, dogs, and rats, have been found to be transmissible 

by means of filtrates. Unfortunately, these have been little studied; hence 

the extent as well as the importance of these viruses remains in doubt. A 
very interesting virus discovered in 1955 by Shope causes fibromas in deer. 

~ In 1934 Lucké reported the isolation of a filtrable agent from an adeno- 
carcinoma of the leopard frog. It is of some interest that inoculation of this 

virus into distant sites of the leopard frog yielded no local tumors, but did 
yield kidney carcinomas, and that inoculation of other kinds of frogs yielded 
no tumors. In 1936 Bittner discovered in the milk of mice the agent that 
seems to be responsible for the development of breast cancer in mice many 
months after inoculation of the agent. However, genetic and hormonal 
factors have been found to play an exceedingly important role, so much so 
that some situations are known in which breast cancer is present without 
demonstrable virus and others in which virus can be inoculated without the 
subsequent appearance of breast cancer. While there is no doubt with 
respect to the existence of a virus that can cause breast cancer in mice under 
specified conditions, our knowledge of the interplay between viral, genetic, 
and hormonal factors leaves much to be desired. 

Black, in 1945, described a leafhopper-transmitted virus that would cause 
umors on the roots of sweet clover plants, as well as in many other plants. 
‘The tumors caused by this wound-tumor virus were found to differ from the 
outgrowths known earlier in certain tobacco and sugar cane diseases in 
that they seemed capable of indefinite growth as unorganized tissue. Black 
has pointed out that striking similarities exist between the wound-tumor 
disease and mammary cancer in mice, in that a virus plays an important 
‘tole in each; genetic and hormonal factors, however, can have a tremendous 
influence on the virus-host reaction. 

- In 1951 Gross reported that the inoculation of newborn mice of strains 
free of leukemia with cell-free filtrates of extracts of leukemic organs from 
mice of a high leukemic strain resulted in leukemia within one or two years. 
Several investigators have devoted much time and effort to studies of this 
mouse leukemia, and it now appears likely that several viruses causing 
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different kinds of tumors are actually involved and that the genetic facto 
and age of the host play a much more important role than was suspecte 
earlier. The separation and recognition of the different viruses or viru 
strains and their corresponding diseases and the elucidation of the rol 
played by genetic factors represent problems of the first magnitude. Hows 
ever, today there seems to be no doubt that these mouse viruses can ca 
cancer and this is, of course, the important fact for the present discussion, | 
Friend (1957) has reported the discovery of a filtrable agent that wilt 
induce leukemia in mice of any age within as short a period as two or thm 
weeks after inoculation. This remarkable agent was found during the cou 
of studies on the effect of cell-free preparations of the Ehrlich ascites tumo 
in infant Swiss mice. Since infant mice are not necessary for experiment 
with this agent, and since the disease develops rapidly, this virus woulc 
appear to possess definite advantages for exploratory experimentation ove 
the viruses that Gross has investigated. ; 
I trust that this very brief review of cases in which there is good experi 
mental proof for a direct causal relationship between viruses and cancer int 
animals and plants will be sufficient to ensure acceptance of the fact that 
viruses can cause cancer. I think it is necessary, next, to realize that basic 
biological phenomena generally do not differ strikingly as one goes from one 
species to another and therefore that the fact, now proved beyond con+ 
tention, that viruses can cause cancer in animals is directly pertinent to the 
human cancer problem. Recent advances in the cultivation of human cells 
in vitro and especially the newer knowledge of certain properties of viruses 
warrant a marked change in our present thinking on the problem of human 
cancer. I believe the time has come for us to assume that viruses are respon- 
sible for most kinds of cancer and to design and execute our experiments 
accordingly. Cancer is basically a problem in growth, and there is no reas 
to believe that the growth of most human cells is fundamentally different 
from the growth of most animal cells. Acceptance of the viral etiology of 
human cancer as a working hypothesis will involve a marked change in atti- 
tude on the part of many investigators, but this is necessary if the right 
approach and the right design of experimentation are to result. What we de 
depends in large measure upon what we think. Now let us examine i 
of the prospective relationships that may influence our thinking. 
Since there is no evidence that human cancer is infectious, many invest 
gators believe that, because viruses are infectious agents, they cannot possibl 
be of etiological importance in human cancer. However, this is not a valid 
conclusion because it is well known that animal tumor viruses may alter 
nately be filtrable and infectious and then nonfiltrable and noninfectious 
due apparently to variations in the amount of virus present. It is also well 
known that viruses may be highly specific; so specific, in fact, that a given 
virus will infect and cause disease only in one kind of cell in one kind o} 
animal, and therefore under many conditions may appear noninfectious 
Inoculation of the mucous membrane of a susceptible rabbit with the Shope 
rabbit papilloma virus yields no tumors. Under these conditions this viru: 
would appear to be noninfectious. Even the Rous sarcoma virus when firs 
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solated would cause cancer only in blood relatives of the chicken from which 
/ was obtained. Later on, this virus was adapted to other chickens and 
p other types of fowl, such as ducks and pheasants. In some cases this 
nvolved several passages in the new host by means of cells before it became 
jossible to pass the tumor by means of cell-free filtrates. In order to trans- 
nt a virus from a given host to a more distantly related host it is usually 
ecessary to adapt first to an intermediate host. There would be, for 
xample, little expectation that a virus long adapted to existence in human 
ells would grow readily in most animal cells. However, the fact that some 
. viruses have been found to grow in certain animal cells indicates that 
> situation is not completely hopeless and, therefore, that the search should 
ontinue. Nevertheless, it should be obvious that great difficulties might be 
volved in demonstrating the existence of a virus that is actually present 
ta human cancer. Certainly, the techniques that have proved useful in 
emonstrating the existence of certain animal cancer viruses have not yet 
een used in experiments with human cancer. Until these techniques have 
een used exhaustively, without success, it would be foolish to disregard the 
that viruses may be playing in human cancer. 
Needless to say, the cultivation of human cells 7m vitro opens up wonderful 
xperimental possibilities. The work of Earle (1943) on tissue cultures and 
f Gey and his associates (1952) on HeLa cells has stimulated great activity 
on the cultivation of human cells. In our own laboratory we have about a 
lozen different kinds of normal and malignant cells of human origin under 
ultivation. While most of these are being used for studies on the effects 
£ known viruses, it is obvious that such cells can be examined for the presence 
f hitherto unknown, as well as known, viruses or can be used as test mate- 
ials for suspected human viruses. The human amnion cell, which my 
olleagues Zitcer, Fogh, and Dunnebacke (1955) first obtained from the full- 
erm amnion in cell culture, is proving of great use in this connection, as 
ell as in studies on the transition from a normal to a potentially malignant 
ell. For example, we are finding interesting changes in chromosome number 
nd in the ability of these human amnion cells to grow in cortisone- or X-ray- 
reated animals as they are passed in culture. Many other laboratories 
ave normal and malignant human cells under cultivation, and significant 
ew findings may be expected to result from this new and, potentially, 
<tremely powerful experimental approach. 
Another fact of importance, first recognized with the Rous sarcoma virus, 
; that a given tumor may be transrhissible, for a time, only by the inocu- 
tion of living cells, and later by means of cell-free filtrates. The fact that 
nis occurred with the Rous sarcoma was used as an argument against the 
iral causation of this tumor for a long time. However, similar results were 
btained in the case of other tumors, and it was thought that the variation 
1 transmissibility was due to differences in the actual amount of virus pro- 
uced. Recently Carr (1943) and Duran-Reynals (1957) proved experi- 
ientally that the amount of virus present in the tumor tissue is dependent 
pon the age of the host and the age of the tumor; in general, the younger the 
ost and the younger the tumor, the more virus can be extracted. However, 
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it should be noted that Duran-Reynals found that inoculation of Rous viru 
to newly hatched chicks results in a hemorrhagic, rather than a neoplastic: 
response. Bryan and his co-workers (1955) made a thorough study of thi 
relationship between the amount of Rous virus inoculated and the amoun 
of virus extractable from the tumors at different times. It was found tha 
the extractable virus approached a maximum when relatively strong inocula 
of about two hundred and fifty 50 per cent-effective doses, were used, bu 
that at lower dosage levels the amount was highly correlated with the dose! 
They also found that very small doses of virus yielded tumors from wh 
no virus was recoverable by extraction. 
Beard (1956) has assembled evidence to show that differences in the infec 
tivity of Shope virus papillomas of wild cottontail and of domestic rabbi 
generally ascribed to latency or masking in the latter, are due, not to differ: 
ences in the nature of the virus, but to wide differences in the actual amoun 
of virus present in the papillomas. The rate of virus production within cell 
may vary so much that, in some cases, hundreds to hundreds of ae 
of virus particles are produced per cell whereas, in other cases, the rate 
virus production may approach, or may be the same as, the rate of cell divi! 
sion, In the former case the diseased tissue or tumor would be expected 
yield large quantities of virus and hence represent a highly infectious situation 
whereas, in the latter case, the diseased tissue or tumor might be veeardl 
as noninfectious because of the lack of demonstrable virus. Changes 
nutrient or in temperature during the period of virus growth can cause drasti 
changes in the amount of a virus present in a host. _ It is obvious, therefore: 
that before one should conclude that a given tumor is nonviral in nature, one 
should be certain that the extract has been tested on cells known to be sus 
ceptible and to yield a demonstrable reaction with the virus; also that 
virus is absent in fact, and not just present in provocative yet subinfectiou: 
amounts. Needless to say, it is well known that proper concentration pro- 
cedures may convert subinfectious preparations into infectious preparatio. ns 
One sometimes hears the argument that cancer viruses do not exist 1 
human beings because, if they did, someone would have found them by thi 
time. Attention might have been given to this argument some years ag ) 
but not now, for literally dozens of hitherto unknown human viruses ha) 
been discovered during the past year or so. The typing program for poli 
viruses, during which extracts of stools from hundreds of patients were us 
to inoculate monkey kidney and occasionally other cells in tissue cultu 
resulted in the discovery of dozens of enteric viruses known as the ECE 
viruses. Another group, consisting of many viruses isolated in a simil 
fashion, but from the upper respiratory tract of man, are the adeno-virus¢ 
(formerly known as the APC or ARD viruses). A third group of virus 
has been isolated from samples of human sera. Thus we have today mo. 
than a sufficiency of human viruses; accordingly, now there is certainly 
reason why viruses should not be considered as causative agents in cancer f 
lack of the viruses. Actually, these recent developments lead one to susp 
that many more undiscovered viruses are present in presumably norm 
human beings. 
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The finding that adenoviruses had a cytopathogenic effect on a human 
a cell, the HeLa cell, suggested to Huebner and other scientists (Suskind 
/al., 1957) at the National Institutes of Health in Bethesda, Md., that 
these viruses might have some effect on similar cells in human beings. It 
as found that the injection of these viruses into a cervical cancer mass or 
to the blood stream resulted in the disintegration and disappearance of 
most of the cancerous mass. However, all of the cancer cells were not 
lestroyed by the time neutralizing antibodies to the virus developed and 
these served to protect the residual cancer. Earlier work by Southam and 
Vioore (1952) had shown that the inoculation of human beings carrying a 
cancer with certain neurotropic viruses sometimes caused regression of the 
tancer. Work of this general nature has only begun, but the fact that infec- 
a of certain cancer cells with certain viruses causes the destruction of the 
cancer cells is most significant. Because of the well-known plasticity of 
viruses it should be possible, by means of already known passage techniques, 
6 develop viruses having no effect on normal cells, but with a special predi- 
Bion for the destruction of cancer cells. Several laboratories are already 
engaged in work of this type. 
melt has long been known that cancer could result from prolonged exposure 
to coal tar and, since 1920, extensive studies on chemical carcinogens have 
been made. ‘These have been divided into locally acting and remotely acting 
carcinogens, the former causing cancer at the site of application and the 
latter causing tumors in specific organs or tissues, regardless of the site or 
manner of application. It has generally been assumed that the carcinogen 
has caused some change in a cell that then progresses to cancer, but a few 
investigators have suggested that the chemical carcinogen works by activat- 
ing or by causing a mutation ina latent virus. Rous and Friedewald (1944) 
have made extensive studies on the effect of chemical carcinogens on virus- 
uced rabbit papillomas, and their evidence would seem to indicate that 
chemical carcinogens acted by way of the virus. Duran-Reynals (1952) 
yund that, in almost every case, treatment of chicks, adult chickens, and 
eons with methylcholanthrene activated a latent or subinfectious fowl 
virus that produced lesions, and these subsequently progressed to cancer. 
work certainly focuses attention on the question of whether an ordinary 
us such as fowl pox can be a potential cancer virus. 
n view of the great variety of carcinogens, which range from hundreds 
F different kinds of chemicals to physical agents such as ultraviolet or 
- irradiation and mechanical effects such as continued abrasions or irrita- 
ions, the supposition that cancer results from some change within the cell is 
reasonable. However, if cells have viruses as passengers within them 
if viruses can cause cancer, it is just as reasonable to assume that these 
erse agents are affecting the virus as it is to assume that they are affecting 


he genetic apparatus of the cell. 
The discovery of many hitherto unknown viruses in human beings and 
possibility that such viruses may persist within the cells of man for 
rs, if not for a lifetime, is really not too surprising. It is well known, for 


xample, that most human beings acquire the virus of herpes simplex quite 
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early in life and, in many persons, evidence for the persistence of this viru 3] 
throughout their lifetimes is strong. Traub (1939) has found that infection 
of a mouse colony with the virus of lymphocytic choriomeningitis can results 
with time, in an inapparent infection of all animals. The virus is apparen 
transmitted in wfero and remains with the animal throughout its life; this 
virus accordingly persists through generation after generation of mice. It 
is interesting to note that injection of mice from such a colony with sterile 
broth can revive the pathogenicity of the virus. Meyer (1942) has shown 
that psittacosis virus can persist in the form of an inapparent infection i 
groups of parrots and certain other birds for long periods of time, only to 
have frank disease appear following unusually crowded conditions. Shope 
has shown experimentally that swine influenza virus can remain in a maskede 
or latent form in the intermediate host, the swine lung worm, for very longg 
periods of time. Certain potato viruses, such as potato X virus, also knowns 
as the healthy potato virus or the latent mosaic of potato virus, can be 
passed from generation to generation without causing apparent disease.! 
This virus is not present in several varieties of potato grown in Europe, but} 
it is thought to be present in all, or almost all, potato plants grown in thes 
United States. Needless to say, it was only by virtue of the fact that} 
potato plants without this virus are known to exist and the fact that this: 
virus causes obvious disease symptoms when inoculated to certain other! 
plants that it was possible to establish its actual existence. In the absence! 
of this information this latent mosaic virus would have to be regarded as a 
normal constituent of the potato plant. Several examples of the persistence’ 
of a plant virus in its insect vector are known. Clover clubleaf virus has 
been passed by Black (1950) for 21 generations of its insect vector during a 
course of 5 years; rice stunt virus for 6 generations by Fukushi (1940); and 
aster yellows virus for 10 passages in a leafhopper by Maramorosch (1952). 
The persistence of a virus in man for many years, for a lifetime, or even f 1 
2 or more generations, should not be regarded as an unexpected or unusu 
phenomenon, but rather in complete accord with a well-established bio- 
logical principle. 

The fact that viruses may persist in cells for generations provides amp 
reason for us to consider the relationships between viruses and genes sinc 
under these conditions, both genes and viruses are passed from generati 
to generation of cells, and there is something in the cancer cell that also i 
passed from cell to cell. Muller’s (1947) estimate of the maximum size of 
gene would place it, with respect to size, just below tobacco mosaic viru 
near the middle of the viruses. Both genes and viruses seem to be nucl 
proteins, and both reproduce only within specific living cells. Both posse 
the ability to mutate. Although viruses generally reproduce many time: 
within a given cell, we know of some situations in which they appear to 
reproduce only once with each cell division. Genes usually reproduce once 
with each cell division, but here also the rate can be changed, as, for example, 
in the case of polyploidy resulting from treatment with colchicine. Actually, 
the similarities between genes and viruses are so remarkable that viruses very 
_ early were referred to as “naked genes” or “genes on the loose.” Two dis- 
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coveries, one made in 1928 (Griffith, 1928) and the other in 1952 (Zinder and 
Lederberg, 1952), have provided experimental evidence for an exceedingly 
intimate relationship between viruses and genes. Griffith found that he 
could transform one specific S type of pneumococcus into another specific S 
type by injecting mice with nonvirulent R forms together with large amounts 
of heat-killed S pneumococci of a type other than that of the organisms from 
which the R cells were derived. Living virulent S organisms of the same 
type as the heat-killed S forms were then recovered from the animals. Later 
Dawson and Sia (1931), as well as Alloway (1932, 1933), found that the 
addition of an extract of one type of capsulated pneumococcus to a culture 
of a noncapsulated rough form would convert the latter into the same type 
of capsulated pneumococcus that provided the extract. It was obvious that 
something was being transferred and, in 1938 (Stanley, 1938), I suggested 
the possibility that this something might be a virus. In 1944 Avery and 
is colleagues at the Rockefeller Institute proved that this something was a 
transforming principle consisting of desoxyribonucleic acid (DNA). Muller, 
in 1947, discussed the possibility that the DNA might correspond to still 
viable parts of bacterial chromosomes loose in solution that, after entering 
the capsuleless bacteria, undergo a kind of crossing over with the chromo- 
somes of the host, but this suggestion was not widely accepted. That the 
phenomenon was not an isolated one was demonstrated in 1953 by Leidy 
et al., who obtained similar results with an influenza bacteria system. The 
close relationship to genetics was further emphasized by the work of Hotch- 
kiss (1955) and of Ephrussi-Taylor (1955), as well as of Leidy e al., who 
showed that drug resistance and other genetic factors could be so transferred. 
This work provided evidence that genetic factors or genes, if one prefers such 
a designation, can be represented by DNA and can be obtained in chemically 
pure solution. 
_ This information, and also our knowledge of viruses, was soon fortified 
by the very important discovery of Zinder and Lederberg in 1952 of trans- 
duction in Salmonella by means of a bacterial virus. It was found that 
genetic factors could be carried from one type of Salmonella cells to another 
means of a bacterial virus. In this type of transformation the genetic 
fragment is not free, but is carried within the structure of the bacterial virus. 
It is not affected, for example, by the enzyme desoxyribonuclease and, in this 
respect, it is unlike the DNA pneumococcus-transforming principle. How- 
ever, it is not necessary for the virus actually to possess virus activity, for 
killing of the virus by ultraviolet light does not prevent the transduction 
of other traits. The closeness of the relationship between the virus and the 
genes of the host is emphasized by the fact that the transducing ability of 
iy bacterial virus is determined strictly by the character of the cells on 
hich the virus was most recently grown. Virus grown on serotype Es 
Salmonella cells, when added to serotype Ey cells, will convert a fraction of 
these cells into serotype E2 cells. It is of interest to note that the virus in 
filtrates of toxin-forming bacterial strains will convert nontoxin-forming 
cells into toxin-forming cells. In transduction, a fragment of a chromosome 
that might be regarded as a gene, or as a collection of a few or even many 
= . 
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genes, can be transferred from one kind of donor cell to another kind of! 
receiver cell and be incorporated into the genetic apparatus of the receiver 
cell. In the pneumococcus or influenza bacterium this can be caused by a 
DNA preparation that can be separated and isolated as such; in Salmonella, 
this gene or gene collection rides within the bacterial virus, presumably with 
the viral DNA, which is added to the cell to be transduced. Here one 
hardly knows what to call a virus and what to call a gene, for it is obvious 
that at times the two merge completely. 
For the purposes of the present discussion I direct your attention to the 
persistence of a bacterial virus in the form of a prophage in lysogenic strains 
of bacteria, and suggest that this might provide a most significant experi- 
mental model for the process I have in mind. Lysogenic bacteria perpetuate, 
in what may be considered a hereditary manner, the property of being able 
to produce a bacterial virus, a phenomenon that has been investigated exten- 
sively by Lwoff and his associates (1950). The term prophage is used to 
describe the form in which the potentiality to produce a bacterial virus is; 
perpetuated in lysogenic bacteria. Prophage is nonpathogenic and non- 
infectious in the usual sense but, since it is multiplied at least once with | 
each cell division, it may be regarded as infectious in the sense that genes ; 
or chromosomes are infectious. In other words, the prophage might be con- - 
sidered as a temporary part of the genetic apparatus of the cell, the genetic: 
element that differentiates a lysogenic from a sensitive cell and, at the same 
time, as the noninfectious form of a bacterial virus. When prophage: 
develops into the bacterial virus the bacterium is destroyed; therefore, a 
lysogenic bacterium survives only if it does not produce the bacterial viruses. 
Of greatest importance is the fact that treatment of certain lysogenic 
strains of bacteria with physical and chemical agents, such as X rays, ultra- 
violet light, nitrogen mustard, certain reducing agents, or iron cla 


agents, results, after a latent period, in the lysis of the bacterial cells and 
the release of large amounts of bacterial virus particles. These agents are 
called “inducers,” and some are recognized as carcinogenic agents for man 
and animals. Nonlysogenic bacteria are, of course, well known, and the e 
are unaffected by these ‘“‘inducers”’ insofar as the production of a Habel 
virus is concerned. It may be noted also that there is at least one well- 
established case in which a strain of lysogenic bacteria, B. megatherium, has 
been converted into a nonlysogenic strain. This fact can be regarded as 
evidence for the belief that the prophage and the resulting bacterial virus 
are something other than normal components of the cell. It may also be 
concluded that the evidence indicates that there are times when a specific 
genetic element of a cell can be freed of the normal controlling mechanism 
of the cell and go forth in viable form in solution or associated with a virus, 
enter a different cell, replace a homologous chromosomal segment, and 
resume its original specific function in the new cell. It is obvious that the 
latter phenomenon could readily be considered an infectious process and 
that, under certain circumstances, viruses can act as genes and genes as 
viruses. 


. . . *. ; 
I now mention a recent very important discovery made in our laboratory 
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by Fraenkel-Conrat (1956), since this finding may prove quite pertinent to 
a consideration of prospective relationships between viruses and cancer. 
It was reported by Fraenkel-Conrat (1956), and also shortly thereafter by 
Gierer and Schramm (1956) in Germany, that special treatment of tobacco 
mosaic virus yielded a nucleic acid preparation possessing virus activity. 
It would now appear necessary to recognize that a nucleic acid structure, 
perhaps as small as 300,000 in molecular weight, can possess, coded within 
its 1000 or so nucleotides, not only all of the information that is necessary 
fo bring about in the host cell the production of more of this same nucleic 
acid but also, apparently, the de novo synthesis of its own characteristic and 
highly specific protein with which it eventually coats itself. This work 
rovides wonderful evidence for a direct relationship between specific nucleic 
acid and specific protein synthesis, and it makes it possible to consider virus 
and gene action, including their relationships to cancer in terms, not of nucleo- 
protein structure, but of nucleic acid structure. 

- It may be calculated that a 1000-unit polynucleotide linear chain con- 
sisting of a coded repeat of only 4 different components, adenine, guanine, 
cytosine, and uracil, in the same ratio that exists in tobacco mosaic virus 
nucleic acid, could form about 10°°° different arrangements. This number 
is so large as to be incomprehensible. Even a 100-unit polynucleotide chain 
of this composition could exist in about 10°” different arrangements; a number 
vastly larger than the total of all living things on earth and in the oceans. 
We have, therefore, in this structure consisting of the 4 chemicals, adenine, 
guanine, cytosine, and uracil (thymine in the case of desoxyribonucleic acid), 
repeated many times over in unique fashion, the code for every bit of life on 
earth and in the sea. When a normal cell becomes a cancer cell there is 
undoubtedly a change in this structure within the cell. It is of interest to 
note that many anticancer compounds are antimetabolites for these chemical 
components of nucleic acids. Furthermore, in our laboratory Litman and 
Pardee (1956) made the very important observation that the incorporation 
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of 5-bromouracil into a bacterial virus in place of thymine resulted in the 
production of the highest percentage of mutants ever recorded. 

_ It would now appear wise to revise the generally accepted definition of a 
virus to include nucleic acids; perhaps also to include replicating structures 
that do not evidence infectivity in the usual sense because, normally, they 
are duplicated only once or a minimal number of times during each cell 
division, and may never leave the cell during many generations. Such a 
viral nucleic acid might temporarily appear to be a part of, or associated 
with, the genetic apparatus of the cell, but remain subject to chemical or 
physical stimulation or shock that could cause it to mature, increase greatly 
e. rate of replication, perhaps mutate but, in any case to separate and act 
as an independent functional unit. Because of the long history of viruses 
indicating that they are exogenous in nature, and in order to differentiate 
such a replicating structure from the normal components of the cell, it is 
imperative, if we are to preserve present concepts, that initially the structure 
or virus must have entered the cell from without. I hope that, in order to 
avoid utter confusion in our concepts, the experimental results will continue 


1110 Annals New York Academy of Sciences 


J 
to be compatible with the idea that viruses are exogenous in nature, ever 
though, as already indicated, we occasionally come very close to the border 
line between an exogenous and an endogenous origin. Thus, while the 
reproduction of genetic units from a member of one species in a member 0 
another species might be accepted (certainly the transduction phenomeno 
makes such transfer appear possible and even logical), the aberration of ¢ 
normal component of a given host to yield something that would then repro 
duce in that host would be incompatible. So far, however, it has not bee 
~ necessary to trespass for, in every case examined carefully, the evidence tha 
the virus or self-duplicating mechanism has entered the cell from withou 
at some time in the immediate or distant past is good. q 

Now, of course, there are direct approaches to the human cancer probler 
that should be continued and even intensified in view of several interestin 
experimental results. Two groups of investigators, Dmochowski am 
Passey (1952) and Gross and his co-workers (1952), using the electron micro 
scope, have concluded that more particles sedimentable by means of high 
speed centrifugation are present in breast tumors and milks from women 
with breast cancer than in the milks from apparently healthy women: 
Bostick (1957) has evidence for the presence of a filtrable agent capable of 
causing disease in mice in extracts of lymph nodes from persons suffering, 
from Hodgkin’s disease. Schwartz et al. (1957) have also reported experi- 
mental evidence for a filtrable agent in the brains of persons dying of leu- 
kemia that will cause leukemia in mice at a time when, normally, there would 
be no leukemia. Dmochowski and Grey (1957), as well as others, have 
obtained electron micrographs of thin sections of lymph nodes of children: 
suffering from leukemia that show particles similar to those found in similar 
sections from leukemic mice. Whether or not these particles, as well as 
others seen in electron micrographs of thin sections of centrifugally concen- 
trated extracts of different kinds of human cancer tissue, actually represent 
viruses is, of course, not known. Unfortunately, there is a current tendency 
to read too much into such findings. It must always be remembered that 
the cardinal attribute of a virus is its ability to cause replication and, in th 
absence of proof that a given characteristic particle can bring about replica- 
tion of itself, the particle should not be referred to as virus. The approack 
involving the direct examination of human material will therefore encount 
many difficulties but, in view of the great advances in tissue or cell cul 
ture techniques, I believe not only that the approach should be made but 
that the activity in this area, especially in leukemia of children, should 
be intensified. However, there is a strong possibility that human cancer, 
in part, may require new and different approaches, and it is for this reason 
that attention should be devoted to the prospective relationships that 
are discussed in this paper. The relationships involved in animal, bae 
terial, and plant viruses should be examined carefully for biologically 
analogous situations that may obtain in human cancer. Certainly we 
know that man has coursing through his body many viruses that were 
unknown a,few years ago, and we do not know what many of them are doing 
there. We know that viruses can persist in their host for generations, it 
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“ither an infectious or a noninfectious form. We know that viruses can 
a to form new strains that cause different disease symptoms. We 
snow that viruses may have different effects depending on the age, genetics, 
and state of nutrition and hormonal balance of the host. We know that 
ifferent carcinogenic agents can activate subinfectious or latent viruses or 
rophages with consequent cellular destruction. It would certainly appear 
iat the activation of prophages by certain chemical or physical agents, with 
development into a fully infectious bacterial virus and the consequent 
destruction of the bacterial cells, as well as the phenomenon of transduction 
by free desoxyribonucleic acid in the pneumococcus and by bacterial viruses 
Salmonella, is pertinent to the human cancer problem, especially in view 
f the recent discovery of dozens upon dozens of new viruses of man. It is 
difficult to escape the conclusion that viruses may be the etiological agents 
for most, if not all, cancer, including cancer in man, and that this represents 
y far the most intellectually satisfying working hypothesis consistent with 
jl presently known facts. Of the greatest importance is the fact that accept- 
ance of viruses as etiological agents in cancer generally as a working hypothe- 
sis will stimulate new experimental approaches to the cancer problem, which 
have been long neglected and which are only now beginning in several labora- 
tories. Could it be that the recent discovery of dozens of hitherto unknown 
viruses of man that seem to be coursing through the human body from time 
to time is but the forerunner of the discovery that specific nucleic acids 
within our cells, perhaps even of exogenous genetic origin and acquired by 
transduction or a related phenomenon, have a relationship to our cancers? 
Needless to say, what we do in the way of experimentation depends in large 
measure upon what we think, and I am sure the time has come when we 
should change our outlook with respect to the nature of cancer. 
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Discussion of the Paper 


Apert LEvAN (University of Lund, Lund, Sweden): The viral and mutative 
aduction of malignancy are not alternative but complementary hypotheses. 
Phe mechanism of cancerogenesis studied in tissue cultures involves the com- 
ete breakdown of the normal genotype and the formation of new genotypes 
vith malignant properties. We do not need to assume any virus action in 
onnection with this method of induction, although, of course, a virus 
nfluence cannot be disproved. 

‘Little is known about the chromosome conditions of cancerogenesis by ~ 
irus action, but certain facts indicate that the genotypic changes are differ- 


nt in type. 


EVIDENCE FROM EXPERIMENTALLY INDUCED NEOPLASM! 
RELATIVE TO THE MUTATION HYPOTHESIS 
OF THE ORIGIN OF MALIGNANT DISEASE 


By W. F. Dunning 
Cancer Research Laboratory, University of Miami, Coral Gables, Fla. 


The experimental production of sarcoma of the liver of rats was report 
in 1920 by F. D. Bullock and M. R. Curtis. Discrete localized areas 0 
malignant disease were observed in the walls of cysts surrounding the para 
sites Cysticercus fasciolaris 8 to 27 months after the rats had been fed egg 
of Taenia taeniaeformis, the common tapeworm of the cat. In rats experi’ 
mentally infected with one to one hundred parasites, usually only one cys 
and, in early tumor bearers, only a small part of the cyst wall was primarily 
involved in the malignant transformation. Subsequent analyses? of datd 
on nearly 4000 tumor-bearing rats revealed (TABLE 1) that the average laten1 
period preceding onset of the malignant complication decreased front 
18.8 + 0.12 months for rats with a single parasite to 12.2 + 0.31 months fo: 
rats with 60 parasites and the percentage of rats with induced tumors 
increased (TABLE 2), respectively, from 30 to nearly 100. | 

From these observations it appeared that an increase in the surface are 
of tissue exposed to the incitant decreased directly the average time interva: 
necessary for the onset of the malignant change and increased directly the 
probability of its occurrence. Further, the occurrence of neoplastic disease 
in the walls of Cysticercus cysts was found’ to be distributed fortuitously te 
the several lobes of the liver as shown in TABLE 3. The morphology of the 
observed neoplasms corresponded to the types of cells found in the cyst wall, 
each being represented by a number consistent with the supposition that the 
change from a normal to a cancer cell resulted from the chance action of the 
incitant. : 

Previously demonstrated genetic differences! in the occurrence of Cys 
cercus-induced sarcomas were defined? as differences in the host’s suscepti 
bility to Cysticercus infestation and in longevity or resistance to comm 
laboratory diseases. Strains of rats with a low percentage of tumor bearers 
as shown in TABLE 4, were relatively short-lived and resistant to the parasi 
disease. Longevity or increased susceptibility to Cysticercus infestatio 
contributed equally to a higher percentage of bearers of induced a 
TABLE 5 shows a similar relationship for the F; and back-crossed hybrid: 
between a short-lived susceptible and a longer-lived resistant strain of rats. 

Among equally infected rats there was no difference in rates of occurrenc 
of malignant disease in relatively susceptible and resistant strains of rat 
TABLE 6° shows the percentage of induced sarcomas observed at each oa 
of infestation from 10 to 22 months for 1027 rats from resistant strains anc 
675 rats from susceptible strains, each with a single parasite. The obviou 
similarity in rate of occurrence of tumors in equally infected rats of differen 
genetic constitution indicated that the carcinogenic property of a singl 
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TABLE 1 
MEAN DvuRATION OF INFESTATION FOR BEARERS OF Cysticercus SARCOMA 
WITH SUCCESSIVE NUMBERS OF CYSTS 


No. of cysts | No. of tumor bearers | Days/30 + P. E. 
1 411 18.82 + 0.12 
~ 2 280 18.43 + 0.15 
3 181 17.68 + 0.18 
4 213 Afi Dieses Oe 14: 
5 174 ifs 2c OES 
6 164 Ii e2aOelG 
i UST 16.08 + 0.14 
8 146 16.19 + 0.17 
9 104 16.05 + 0.17 
10 126 16-03: a2 0115 
Sols 11 91 USP Ole ee aday 
4: 2 91 15752270018 
Es 13 80 14.91 + 0.18 
ees 14 81 155 02522 0218 
15 87 14.78 + 0.19 
f 16 74 14.90 + 0.18 
c ily 78 14.64 + 0.16 
18 76 14.43 + 0.16 
19 57 14.36 + 0.16 
20 68 14.48 + 0.17 
74il 72 14.46 + 0.14 
22 59 14.18 + 0.21 
23 45 14.28 + 0.18 
24 49 14.15 + 0.22 
25 25) 14.90 + 0.32 
26-27 86 14.09 + 0.15 
28-29 94 13.99 + 0.12 
30-34 159 13.32 + 0.40 
35-39 99 13.50 + 0.13 
40-44 91 1355-220) 12 
45-49 oe 12.84 + 0.14 
t— $0-54 36 12.92 + 0.20 
55-59 28 12.68 + 0.19 
60-64 16 12.19 + 0.31 
65-over 28 12.86 + 0.22 
(otalt... ee 3669 15.95 + 0.04 


“aenia larva was independent of the maximum physiological or immuno- 
ogical influence exerted by the host in which it resided. 

“These observations seemed to indicate that the occurrence of neoplastic 
isease in the walls of Cysticercus cysts represented sudden permanent alter- 
tions in cells randomly exposed to an incitant not unlike the occurrence of 
matic mutations in populations of cells randomly exposed to irradiation. 
Following the discovery of the carcinogenic properties of the hydrocarbons 
n attempt was made to confirm and extend these observations. Data were 


aken on the occurrence of malignant disease in the walls of subcutaneously 
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NuMBER OF INFESTED RATS WITH SUCCESSIVE NuMBERS OF Cysticercus 
Cysts THAT SURVIVED THE MEAN PERIOD OF INFESTATION 
AND PERCENTAGE OF TUMOR BEARERS 


TABLE 2 ; } 
H 


No. of cysts | Total rats | Percentage of tumor bearers 


1 724 31.49 t 
2 343 39.07 
3 206 46.60 
4 189 53.44 : 
5 142 63.38 1 
6-9 377 65.78 j 
9-12 303 66.67 
12-15 172 69.19 
15-18 190 74.21 ; 
18-21 159 74.82 : 
21-24 124 83.06 | 
24-27 77 84.42 > | 
27-30 117 82.90 5 
30-33 73 14523 ' 
33-36 70 80.00 : 
36-39 48 81.25 : 
39-42 40 85.00 : 
42-45 32 87.50 
45-48 30 80.00 ; 
48-51 21 85.71 : 
51-54 16 81.25 ; 
54-57 17 58.82 
57-60 16 68.75 4 
60-63 9 66.67 
63-66 14 50.00 
66-69 + 75.00 ; 
69-72 1 100.00 
72-75 2 50.00 
75-78 7 85.71 
78-81 4 25.00 
81-84 i 100.00 : 
84-87 2 100.00 
87 4 25.00 
Totaliqneu as 3534 58.11 
injected paraffin cysts of carefully controlled size and accurately varie 


concentrations of the chemical carcinogen. For this purpose a 1 per ce! 
solution of 3:4 benzpyrene® in warm paraffin wax was injected in the sul 
cutaneous tissues of rats in 1 to 12 discrete foci of 0.2 cc. volume. TABLE 
shows, for a series of 1261 induced neoplasms, that the average latent peri 
decreased from 193.7 days to 116.6 days as the number of injected foci w 
increased from 1 to 8 and the dose of benzpyrene was increased coincidenta 
from 2 to 16mg. A further increase to 12 foci or 24 mg. of benzpyrene d 
not further decrease the average latent period or reduce its variability. 7 

d 
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4 . TABLE 3 
ERAGE WEIGHT IN GRAMS, PROPORTIONAL SIZE, AND NUMBER AND PERCENTAGE OF 
Cysticercus Cysts AND TuMoRS FOR EacH LOBE OF THE LIVER 
2 cee Cysticercus cysts Cysticercus tumors 
Lobe of liver weight cre 
: . of liver 
heey Number} Per cent |Number] Per cent 
memlaterals 0.0.25 2.83 Set 567 27.96 1047 30.07 
ight median........ Zed 23.93 554 27.32 989 28.40 
Sranial right lateral... de 16.79 361 17.80 497 14.27 
eit median...,...... 1.01 11.14 226 11.14 429 SZ 
Caudal right lateral... 0.72 7.97 169 8.33 261 7.50 
entral caudate...... 0.41 4.48 91 4.49 133 3.82 
Jorsal caudate....... 0.40 4.47 60 2.96 126 3.62 
9.07 100.00 2028 100.00 3482 100.00 
se 
TABLE 4 
PERCENTAGE INFESTED, AVERAGE AGE AT DEATH, AND PERCENTAGE WITH 
Cysticercus SARCOMA FOR SEVERAL STRAINS OF Rats 
: Percentage | Age at death, days/30 Percentage with 
Strain of rat infested Mean + P. E. Cysticercus sarcoma 
a. 
Mecher-230.............. 30.8 11.06 + 0.13 25.0 
MRIS ie eins oe ig PRNAS 14.03 + 0.04 3128 
Berrsball........ ves... 37.9 1325) ae, 0.09 37.4 
Zimmerman........0.--- 61.8 149° (2 017, 56:4 
BMMPHET jose cine = cle so 65.4 113,67 a= OF10 60.0 
Gepenhagen............. 30.8 19.8 +0.13 62.7 
JOS Ee Ae 31.5 Pi Oe 67.2 
Mrscher-344.............. 67.5. 123 2701.10 67.2 
ZS 


Be TABLE 5 

PERCENTAGE INFESTED, AVERAGE AGE AT DEATH, AND PERCENTAGE WITH Cysticercus 
SARCOMA, FOR A SUSCEPTIBLE AND A RESISTANT STRAIN OF RATS 

AND THEIR F; AND BackcrossED Hysrips 


Percentage | Age at death, days/30 Percentage with 


infested Mean + P. E. Cysticercus sarcoma, 
°C ae eee 29.7 14.03 + 0.04 37.8 
sher-344.... 66.1 13.6 +0.10 67.2 
Pee eee + - $2.7 16.2 +0.20 60.0 
xX (AX F). 29.4 16.4 + 0.26 66.7 
x (A X F) 38.3 feat F 0:25 57.1 
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percentage of rats with induced sarcomas (TABLE 8) increased, however 
from 80 to 100 as the number of foci was increased from 1 to 12. Similar, 
observations were obtained following the injection of varying numbers of uni 
form foci of paraffin containing dibenzanthracene® and methylcholanthrene.’, 

TABLE 6 y 


f 
PERCENTAGE OF MALIGNANT Cysts IN RATS WITH A SINGLE Cyst FROM 
SUSCEPTIBLE AND RESISTANT STRAINS 


D ; f infestati Resistant strains, | Susceptible strains, 
ae :: va ibis percentage percentage 

ays/< malignant cysts | malignant cysts 
10-12 0.0 0.4 
12-14 1.2 1.6 
14-16 <jep| oat 
16-18 7.4 8.9 | 
18-20 8.4 9.2 j 
20-22 leer? 15.9 
Tye 28.6 19.2 

Potalia seer atic 65.9 58.3 

Totals Nowra. Meat wea 1027 675 1 


TABLE 7 
NuMBER oF Tumors, MEAN NUMBER OF DAys, AND STANDARD DEVIATION OF 
THE PERIOD FROM INJECTION TO OBSERVATION OF THE TUMORS FOR SEVERAL 
Doses or 3:4 BENZPYRENE ' 


Number of days 
Dose | No. of | No. of 
(inmg.)| foci | tumors 


= 
o 
ry 
f=) 
H+ 
ios 
mM 
iS 
+ 
ae] 
ic 


I 
Re POe a ee o , a ied 


2 1 103 193.74 + 5.48 82.41 + 3.87 

4 2 229 163.91 + 2.34 52.44 + 1.65 

6 3 282 150.74 + 2.00 49.70 + 1.41 

8 4 175 142.94 + 2.22 43.60 + 1.57 

10 5 157 149.71 + 1.88 35.00 + 1.33 : 
12 6 189 146.80 + 1.61 32.80 + 1.14 } 
16 8 49 116.63 + 1.83 18.99 + 1.29 
24 12 77 117.99 + 1.40 18.24 + 0.99 


4 
i 


4 


These results confirmed the findings obtained from the observations on the 
occurrence of neoplastic changes in the walls of Cysticercus cysts. By the 
use of the hydrocarbons it was possible to extend these observations by 
varying the surface area of tissue exposed to a given quantity of the chemical 
carcinogen. Thus® 0.2 cc. of a 1 per cent solution of benzpyrene was injected 
in a single area forming a cyst containing 2 mg. of active carcinogen, or in 
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TABLE 8 
PERCENTAGE OF Rats witH INDUCED SARCOMAS FOR 
Eacu NuMBER OF Focr or BENZPYRENE 


f No. of | No. of | Percentage of 
foci rats tumor rats 

1 46 80.4 
2 78 82.0 
3 53 84.9 
4 76 Some 
5 49 91.8 
i 6 74 82.4 
a: 8 16 87.5 
4 12 17 100.0 
ee Total 409 84.7 


z 


2 foci of 0.1 cc. volume each containing 1 mg. of benzpyrene, or in 4 foci 
‘of 0.05 cc. volume, each cyst containing 0.5 mg. of benzpyrene. Four mg. of 
benzpyrene was likewise distributed in 2, 4, or 8 foci. By this method the 
‘surface area of tissue exposed to 2 mg. of benzpyrene was varied from approxi- 
Mately 186 sq. mm., to 292 sq. mm. and 412 sq. mm. Likewise, the surface 
area of tissue exposed to 4 mg. of benzpyrene was increased from 372 sq. mm. 
to 584 sq. mm., and 824 sq. mm. Weekly observations on the occurrence 
‘of sarcomas in the foci of different volume showed (TABLE 9) that tumors 


A 


TABLE 9 
a AVERAGE LATENT PERIOD FOR BENZPYRENE SARCOMAS 
- : INDUCED IN Foct OF DIFFERENT VOLUME 


aD 


Foci of 0.2 cc. volume Foci of 0.1 cc. volume | Foci of 0.05 cc. volume 


Latent period Latent period Latent period 


Z in days ‘ A ? 
umors| yfean +P. E, | UMTS) Mean + P. E. |‘U™S| Mean + P. E. 


2 103 193,02 75.5 111 197.6 .°S-1 93 222.9019 
4 143 157.6 + 2.9 105 176.3 + 4.3 95 198.6 + 5.5 
6 129 140.7 + 3.4 74 155.4 + 3.4 


urred in rats with 2 mg. of benzpyrene in a single focus in an average of 
193.7 days. First tumors appeared in foci of 0.1 cc. volume in an average 
197.6 days and, when 2 mg. of benzpyrene was injected in 4 foci, the first 
ors appeared in an average of 222.9 days. In other words, as the surface 
a of tissue exposed to 2 mg. of benzpyrene was increased from 186 sq. mm. 
412 sq. mm., or more than doubled, the average latent period preceding 
onset of malignant disease was increased by 29 + 8.8 days. For 4 mg. 


| A 
7 | 
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of benzpyrene the average latent period preceding the observation of 
first localized neoplasms increased from 157.6 to 176.3 and 198.6 days, respé 
tively, as the foci decreased in volume and the surface area of tissue expose 
to 4 mg. of benzpyrene increased from 372 sq. mm. to 824 sq. mm. T 
average latent period was significantly increased rather than decreased, a 
would be expected if neoplastic changes occurred at random in totipot 
cells exposed to a uniform intensity of incitant. 

Furthermore, the percentage of rats that developed neoplasms was fi 
increased by exposure of larger areas of tissue to a given quantity of ben 
pyrene. TABLE 10 shows that among rats injected with 2 mg. of benzpyre: 


TaBLe 10 
PERCENTAGE OF RATS WITH BENZPYRENE-INDUCED SARCOMA AMONG 
THE Rats INJECTED WITH Focr or DIFFERENT VOLUME 


>: 


Foci of 0.2 cc. volume | Foci of 0.1 cc. volume | Foci of 0.05 cc. volum 


/ 
Dose in mg. st 
No. of rats %o tumor No. of rats % tumor No. of rats % tumor 
rats rats 
i 146 70.6 145 76.6 138 67.4 
4 176 Sie2 138 1621 132 72.0% | 
aa eS eee 


71, 77, and 67 per cent, respectively, developed neoplasms in the groups with 
1, 2, and 4 foci. For 4 mg. of benzpyrene 81, 76, and 72 per cent, respec 
tively, developed malignant disease among those injected in 2, 4, and 8 foci 
Since 2 mg. of benzpyrene injected in a single focus was more effective in th 
induction of malignant disease than when it was distributed in smaller foci 
the mass of the carcinogenic material must have played a determining role. 

The importance of variations in the intensity of the local incitant wa: 


shown? when concentrations of 1 per cent, 0.25 per cent, and 0.10 per c 
benzpyrene were injected in foci of equal volume. TABLE 11 shows that, fo 


TABLE 11 
PERCENTAGE OF INDUCED SARCOMAS FOR DIFFERENT : 
CONCENTRATIONS OF BENZPYRENE 


< 
Rat font Dose No: Percent- | Dose No Percent- | Dose Nie Percent- 


; t in age of in : age of in : age of 
“eRe g is tumor foci) mg. ie tumor foci| mg. Le tumor foc 
SO be: er ee 
1 2 | 146| 70.6 O35. (|) BR -48cd 0.2) 52)> 213.5% 
2 4 | 324 70.7 1 Osa 120 36.4 0.4 94 13.8 
3 6 | 438 64.4 Lo aie 97 35.5 0.6 | 157 15.3 
4 8_| 291 60.1 2.0298 29.2 0.8 | 190 13.7 ; 
5 10 | 241 65.2 2.5 | 260 21.9 1.0 | 179 13.4 © 
6 12 | 399 47.4 3.0 | 305 Sel! 152) 7 )0213 16.0 — 
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mple, 70.6 per cent of 146 rats with 2 mg. of benzpyrene, 43.1 per cent 
f 58 rats with 0.5 mg. of benzpyrene, and 13.5 per cent of 52 rats with 
2 mg. of benzpyrene developed sarcomas at the sites of injection. All 
sceived injections of 0.2 cc. of paraffin with consequent exposure of an equal 
umber of host cells to the incitant. The average latent periods were, respec- 
ively, 193.7, 267.4, and 289.3 days, as shown in TABLE 12. These experi- 
ents showed that an increase in the concentration of the locally applied 


TABLE 12 
AVERAGE LATENT PERIOD IN Days FOR DIFFERENT CONCENTRATIONS OF 
BENZPYRENE FOR Each NuMBER OF Foct or EquaL VOLUME 

io. Latent Latent L 

2: |Dose| No. = pees 
foci a a ries ae mi period bees per period 
per ean + M 3e ae 
et mg. tumors P. E. mg. |tumors ene mg. {tumors oe 
fe LOS MOSe re =e 5514025 25 N26/.40: 13521052 7 |289.3 + 34.7 
oe 229 |163.9 + 2.3} 1.0 44 |244.8 + 10.7] 0.4 13 |304.2 + 28.1 
is Zo2e Ont se 2.0) de 70 |267.6 + 8.6) 0.6 24 1345.0 + 13.9 
i Sita 26 Ot 221 20) (Aa oleae tel One 26 |280:4 + 14.6 
Sy he 157 M4957 21.9) 2.5 bie 24200) = 735 Sie 20 24 |287.9 + 14.6 
a 189 |146.8 + 1.6] 3.0] 101 |271.1 + 6.9) 1.2 34 |348.2 + 14.3 
fot i 113515522 91.0) Sie PAR Gen Biee) 12380 1314S eae ied 

pe: Beh" 


sarcinogenic chemical significantly decreased the average latent period that 
sreceded the occurrence of malignant disease and significantly increased the 
srobability of its occurrence. These data suggest that the probability of 
he occurrence of malignant disease and the time required to induce it are 
jetermined by the extent of some specific injury to the cells. 

Ample proof of the importance of qualitative differences in the compo- 
n of the chemical carcinogens has been provided by other investigators. 
LE 13 shows the average latent period observed for the occurrence of 
cutaneous sarcomas in rats following the injection of 4 mg. of a 1 per cent 
solution of 4 of the more potent carcinogens. At this dose level no difference 


a TaBLe 13 
“4 AVERAGE LATENT PERIOD IN Days FOR HyDROCARBON-INDUCED 
SUBCUTANEOUS ‘SARCOMAS IN Rats 
i 
of Chemical Dose in | No. of Days + P. E. 
: mg. tumors 
Methylcholantrene..........------- 4 56 161.8 + 2.8 
3:4-Benzpyrene...........--+.++--- 4 229 10879. 45263 
10 Methyl 1,2-benzanthracene....... 4. 52 200.9 et 207 
1:2:5:6-Dibenzanthracene.......... 4 16 330.0 + 12.9 
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was observed between methylcholanthrene and 3:4-benzpyrene in the aver 
age latent period that preceded the occurrence of the induced sarcomas 
However, for 1:2:5:6-dibenzanthracene the average latent period w 
significantly longer than for 10-methyl 1:2-benzanthracene, and both we 
significantly longer than for methylcholanthrene or benzpyrene. : 
TaBLe 14 summarizes the results obtained from injections of each of 
monomethyl derivatives of 1,2-benzanthracene. Each compound w 
injected subcutaneously in a 1 per cent solution of paraffin wax in 2 fo 
of 0.2 cc. volume in each of 60 Fischer line 344 rats. In this experiment } 
uniform dose of each compound was exposed to an equal surface area ¢ 
tissue of the same highly inbred strain of rat. The difference in response i 


TABLE 14 
RELATIVE CARCINOGENIC ACTIVITY OF THE MONOMETHYL 
DERIVATIVES OF 1,2-BENZANTHRACENE 


Chemical Dose No. Percentage No. Average latent 
“ea in mg. | of rats | of tumor rats | tumors} period + P. E. in days 
10-Methy] 1,2-B-A.... 4 60 93.3 97 200.9 + 2.7 : 
4-Methyl oat 4 58 1O.¥ 58 234.8 + 4.1 © 
Ss Methyliaca ccs nit ss 4 59 61.0 41 265.2 + 8:4 @ 
9-Methy] 4 61 S225 39 292.2 + 10.7 ; 
deMcthyligeenccieons 4 57 ass 3 396 ; 
6-Methyl............. 4 59 Sn 3 413 i 
4’-Methyl............ 4 60 5.0 3 495 
B-Methyli. ei. 4 55 B36 2 417 »: 
Go Meth yo Nc crscs 4 54 0.0 : 
PeMethyl... savin ns « 4 61 0.0 4 
S-Methyl) Sane. ants 4 58 0.0 : 
f2Methyle. reas 4 60 ? P 
1,2-Benzanthracene. . . 4 56 1.8 1 399 : 
BOLE UE one io, LSet uit. 758 247 i 
| 


obvious. Four of the compounds, 10-methyl-, 9-methyl-, 4-methyl-, an 
5-methyl- proved to be highly carcinogenic. Four other compounds, namely 
4’-methyl-, 3-methyl-, 6-methyl-, and 7-methyl- were found to be weakl 
carcinogenic and 3 or probably 4 (tests for 1’-methyl- are incomplete) wer 
found to be completely negative. 
i 


These are some of the localized differences in response of tissues of sim 
genetic constitution that pose problems for the genetic concept of the origi 
of cancer. In all of the above-mentioned experiments malignant diseas 
arose as an extremely localized response to a long-continued unfavorabl 
environment. Other methods for the experimental induction of malignar 
disease pose different problems. For instance, hyperestrinism in rats pre 
duces a generalized hyperplasia of the ducts of the mammary gland and, 
the stimulation is continuous for one half or more of the life span of the ra 
many areas of neoplastic disease arise simultaneously. The average later 
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2 may be decreased and the number of independent neoplasms increased 
nm animals of the same genetic constitution by the addition of fat!® or trypto- 
yhan't to the diet. Likewise chronic poisoning with acetylaminofluorene 
a a cirrhosis of the liver, followed by areas of hyperplasia of the bile 
ucts and liver cords with simultaneous neoplastic transformation of many 
ireas. The average latent period may be considerably shortened by the 
i\ddition of fat, protein, tryptophan, or indole to the diet. These experi- 
ments suggest that neoplasia arises as a localized biological response of the 
arget organ or tissue to alteration or destruction of some mechanism in the 
ell that results from specific chemical reaction under local physiological 
ontrol. The fact that an increase in dose of an effective carcinogen increases 
he probability of the occurrence of malignant disease to an almost certainty 
ind reduces the average latent period to a limit below which further increases 
n dosage are ineffective suggests that the occurrence of malignant disease 
Salts ‘from localized breakdown of some system that is common to all 
somatic cells. 
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THE AGING PROCESS AND CANCEROGENESIS 


By G. Failla 
College of Physicians and Surgeons, Columbia University, New York, N. Y. 


The Aging Process 


The solid curve of FIGURE 1 represents the age-specific death rate of th 
male population of New York, N. Y., in 1950 asa function of age. — The or 
nate represents, on a logarithmic scale, the fraction of the individuals of 
given age dying per year and the abscissa the age. It will be seen tha 
beyond age 30 the curve approximates a straight line, the equation of whia 
is of the form 4 

r=ret 


where 7, = mortality rate at age 0, from all causes 
e = base of natural logarithms 
a = slope of straight line 
t = age in years 


This was first pointed out by Gompertz! in 1825, and the relation is no} 
generally called the Gompertz function. From the slope of this curve 
may be calculated that the mortality rate doubles about every 7.2 year 
It has been found that, whereas the initial portion of the curve (before ag 
30) varies greatly from one country to another and in the same counts 
from decade to decade, the slope of the straight portion remains approx 
mately the same. A general discussion of these curves has been given b 
Jones? and need not be repeated here. It has been found, also, that simile 
curves apply to animal populations, as shown in FIGURE 2 for mice and ra’ 
(the curve for mice was constructed from survival data of Sacher* and thé 
for rats from observations of Simms and Berg‘). 
The dashed curve in FIGURE 1 was obtained by subtracting from tl 
; . : ; 
over-all mortality rate data those deaths caused by accident, homicide, 
suicide. The exclusion of deaths from these causes (which account for 
considerable proportion of the total deaths before age 30) has the effect, 
smoothing out the mortality rate curve at the early ages as shown. : 
It may be surmised readily that the increase in mortality rate in 1 
straight line portion of the curves is due to an aging process that is comm 
to man, mouse, and rat. The doubling time for the particular mouse colo1 
of FIGURE 2 is 90 days; that for man (FIGURE 1) is 7.2 years, or about . 
times longer than that of mouse. This is also approximately the ratio 
the life spans of man and mouse.* Therefore, the life span determines t 
rate at which animals age after reaching adulthood, which in a general w 
is obvious a priori. 
* It should be noted that the slope of the Gompertz curve for mice, plotted from availa 
data in the literature, varies considerably according to strain, sex, laboratory conditio 


and numerous other factors. Also, the number of animals is usually too small to prov 
good curves. 
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a life span is determined by the genetic constitution of the germ cells. 
An egg and a sperm that produce a mouse must be responsible for its short 
penta compared to that of man. Geneticists have found that the over-all 


ntaneous mutation rate for germ cells is roughly—very roughly— 
ersely proportional to the life span of the species. This means that the 
wecumulated genetic changes (that is, in the germ cells) per generation are 
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cuRE 1. The solid curve represents the mortality rate of the male population of 


York, N. Y., in 1950 as a function of age. The dashed curve was obtained by sub- 
ting violent deaths, that is, those caused by accident, homicide, or suicide. 


oximately the same in short-lived and long-lived animals. The genetic 
erial is considered to be the same in somatic cells as in the germ cells 
m which they were derived; therefore, the somatic mutation rate per unit 
ime may be expected to be higher in short-lived animals than in long- 
dones. Thus, we may assume that the genetic system in all cells of the 
n body is more stable than that of the cells of a mouse, generally in the 
9 of the life spans. ‘More stable” is used here in the sense that the 
ystem is less apt to undergo spontaneous mutations im a given time interval. 
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The system consists of the number of genes, geometric pattern, and require 
properties appropriate to the animal under consideration. It is not neces 
sary to assume that the spontaneous mutation rate is the same in all somati: 
cells as in the germ cells. Therefore, the mutation rate in skin cells mi ; 
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Ficure 2. Age-specific mortality rates for mice and rats. The data for mice wer 
derived from a survival curve for CF No. 1 female mice published by Sacher.* The cury 
for rats is based on longevity data for Sprague-Dawley male rats published by Simms 7 
Berg. 

i 
be ten times that of the germ cellsin mouse. However, if there isa differenc 
in mutation rate from cell type to cell type in the same animal, an approxi 
mately proportionate difference should be present among the cell types 6 
an animal of a different species. For the present purpose the ino 
point is that the average spontaneous mutation rate of the somatic cells 


— 
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‘short-lived species be higher than that of the somatic cells of a long-lived 
species and approximately in the inverse ratio of the life spans. As men- 
tioned above, this is roughly the case for spontaneous mutations in the germ 
cells—the only ones that can be studied readily—and it is reasonable to 
assume that the same general relation holds for spontaneous mutations in 
somatic cells. If this is the case, aging may be attributed to the accumu- 
lation of spontaneous somatic mutations in all body cells, but not necessarily 
in the same proportions in all organs. Thus, we may visualize the following 
simple process by which the life span is controlled in nature: the constitution 
of the genetic system in the germ cells determines the inherent stability of 
the genetic system of the body cells in a given species. The spontaneous 
mutation rate is determined by the stability of the genetic system, being 
lower the higher the inherent stability. The rate of aging is determined by 
the spontaneous (somatic) mutation rate. Aging increases the mortality 
rate according to the Gompertz function and sets a limit to the life span. 
_We may now inquire how spontaneous somatic mutations bring about 
aging. To do this we shall define vitality as the reciprocal of age-specific 
mortality rate. Thus, according to FIGURE 1, the mortality rate at age 35 is 
0.0023 (2.3 per 1000) and at age 50 it is 0.010 (10 per 1000) per year. There- 


ae ; : : Ree Ae Rees) 
fore, according to this notation the vitality of a man of 50 is Ou 23 per cent 


of the vitality of a man of 35. The reciprocal of the age-specific mortality 
curve of FIGURE 1 then represents the vitality of the New York, N. Y., male 
population of 1950 as a function of age, ignoring for the present discussion the 
high mortality rate in the first few years of life. This is shown in FIGURE 3. 
By inspection it may be surmised that this is a ‘‘multiple-hit” or a “multiple- 
target” type of curve. Therefore, loss of vitality with age may be attributed 
to loss of normally functioning cells, the deterioration in function of the cell 
being brought about by multiple hits or hits in a number of targets in the 
cell. It is obvious that the loss of vitality cannot be attributed to actual 
loss of cells, because the number of cells at age 60 would have to be about 
2.5 per cent of the number at age 20. It is known that in old people the 


a 


i, population in a tissue is not very different from that in young subjects. 


Hence we must assume that the cell population is affected in function rather 
yan in number. 
It is a tenet of genetics that the vast majority of germ-cell mutations is 
eleterious to the ensuing organism and its descendants... If we assume that, 
in general, somatic mutations are deleterious to the cell and its descendants, 
the sense that the function of the cell is impaired, we can account for the 
pe of the curve on the basis of multiple gene mutations. At this point 
should decide whether some particular genes or a number of genes at 
dom are involved in the reaction. This determines whether we are 
ling with a multiple-target or a multiple-hit phenomenon. Actually, 
he curve can be represented closely by the equation for either process, but 
perhaps it is simpler to visualize a multiple-hit process. The solid curve in _ 
1GURE 3 has been plotted from the equation for a four-hit process, and the 
cles represent the reciprocals of the age-specific mortality curve of FIG- 


t 
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uRE 1, normalized to 1.0 at age zero for convenience. It should be notec 
in this connection that extending the curve to zero age is not justified, bu 
is satisfactory for the present discussion. It will be seen that the fit is very 
good. Therefore, we may conclude that the increase in mortality rate with 
age (in the male population of New York in 1950) may be accounted for j 
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Ficure 3. ‘Vitality’ as a function of age. The circles represent the reciprocals Ms 
the age-specific mortality rate data shown in the dashed curve of FIGURE 1. The so 
curve has been plotted from the equation for a four-hit process. 


the basis of a four-hit random process. Tentatively we may postulate tha 
each “hit” corresponds to the spontaneous somatic mutation of one gene i 
the cell: Then it would follow that, on the average, four genes at randon 
(that is, any four genes) in each cell must be mutated before its function i 
impaired sufficiently to contribute to the aging process. } 

The equation for the curve of FIGURE 3 is of the form } 


Ree (at)? , (at)* | 
Fc eet| + at + D + | 


OE 
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= fraction of cells that have not undergone 4 gene mutations at 


a given age; e = base of natural logarithms; a = fraction of cells in which 
4 gene is mutated per year (or probability of one gene mutation occurring 

er cell per year); and ¢ = age in years. It is obvious that the probability 
#f one gene mutation occurring in one cell per unit time is proportional to 
the number of genes in the cell. Therefore, 


a= nm 


in which » = the number of genes per cell and m = the probability of one 
gene mutating per year. Geneticists express this in terms of one generation 
rather than per year, so that if M is the gene mutation rate per generation 
of 30 years in man, 


: M 
= W => 
= 30 
Therefore, 

f M 
a OT ae 
xe 30 


The value of a derived from the curve of FIGURE 3 is 0.162. The haploid 
gene number in man has been estimated to be between 5000 and 100,000, 
as quoted by Neel and Schull.® Assuming that it is 20,000, the number 
in somatic (diploid) cells, with which we are concerned here, is 4 X 104. 


Therefore, 


M 
eo 162 = 4 x 104— 
% 0.162 Zi 
oe M = 12 x 10-5 


Peo 
Accordingly, the gene mutation rate in somatic cells in man is 12 x 10-> 
per generation of 30 years, on the basis of a four-hit curve derived from 
mortality statistics and the assumption that the increase in the age-specific 
death rate with age is due to somatic mutations. The gene mutation rate 
in germ cells in man is estimated by geneticists to be 10~° per generation. 
If we accept these two values, it may be concluded that in man the spon- 
taneous gene mutation rate in somatic cells is approximately 12 times that in 
ferm cells. It is of interest to note in this connection that in Drosophila 
a: number of abnormalities in the offspring produced by a given dose of 
¢ rays is about four times greater when the experimental conditions are 
such that the effect of radiation is on spermatozoa rather than on spermato- 
i. It should be noted that the ratio S is applicable to any age, including the period of 
oe id Browth In other words, the thing that counts is the number of cells per unit volume 
ther than the total number of cells in the body or an organ. 
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gonia.6 This may well be due to chromosome damage rather than additiona 
gene mutations produced in spermatozoa, since spermatogonia with badh 
damaged chromosomes would not be expected to reach the spermatozo 
stage; therefore, those that do reach this stage are the ones in which the 
chromosomes were not badly damaged at the start. At any rate, chromo 
some damage in somatic cells does occur spontaneously. Hence, it may b 
concluded that the “mutation” rate derived from the age-specific mortalit 
curve includes chromosome damage as well as gene mutation. Then, if tha 
factor of 12 noted above is real, it would be concluded that aging is du 
largely to the accumulation of chromosome damage in the somatic cells 0 
the body. This has been suggested by some geneticists, notably Muller.: 
At the present time it is really impossible to make any definite statemen 
about this, because the uncertainty in the available genetic data for mani 
too great. However, it is reasonable to suppose that both gene mutation 
and chromosome damage play a part in the aging process. In this case iti 
would be more appropriate to speak of a “cell impairment rate” due tc 
nuclear damage rather than a “somatic mutation rate” in connection with! 
the aging process. | 

The multiple hit concept was introduced to take into account the rather 
slow increase in age-specific death rate from approximately age 5 to 30. Im 
so doing it was assumed that the smooth curve of FIGURE 1 truly represents 
the aging process. It may well be that the high mortality in this period is 
due to other causes. For one thing, in the case of mice and rats (FIGURE 2) 
the existence of a plateau in mortality rate at early age is questionable, but 
this may be due to the paucity of data.* In the case of man, from about 
age 30 to 60 or so, the data fit a straight line very well. It is important to 
note in this connection that the data are derived from the vital statistics 
of millions of individuals and, therefore, are very reliable. If it is assumed 
that this straight line represents the aging process per se, we are dealing with 
a single-hit process. The equation for the “vitality” curve (straight line) 
derived from FIGURE 1 is 


= g—0.0968¢ 


=|= 


in which 0.0963 is the value of a in the notation used previously. Hence 


M 
0.0963 = 4 X 104 — 
30 


cn Ay mn tt Imes 


and 
Moi= 712x105 


f 


po ie would be of great interest to see what the curve looks like in the case of a lar 
colony of animals reared under germfree conditions. Incidentally, it is known that unde 
these conditions there is some prolongation of life, but not a marked one, which lend 


support to the idea that the life span is controlled by the inherent stability of the geneti 
system. i 
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ae if this represents the gene mutation rate in somatic cells in man, 
tis closer to the gene mutation rate in germ cells estimated by geneticists 
(10-> per generation). In view of the assumptions made and the uncer- 
tainties in the genetic data, all that can be said is that the single-hit hypothesis 
yields a value of the gene mutation rate in man of the same order of magni- 
tude as that estimated by geneticists.* 

It should be noted that the value of a can be obtained with considerable 
ecuracy when the one-hit process is assumed. If it is further assumed that 


ee is due to somatic gene mutations, a represents the probability of a 


rene mutation occurring per cell per unit time. This does not involve the 
umber of genes in a cell, which is difficult even to estimate, but nevertheless 
serves as a measure of the stability of the genetic system of the cell with 
respect to time. The values of a for mouse and rat, derived from the curves 
of FIGURE 2, are Tnx AO idays:? and 6.3-X10-* daysr}, respectively. 
The one for man is 0.0963 years“! or 2.64 X 10-4 days"!. The stability of 
the genetic system is inversely proportional to a. The ratio of the a’s for 
mouse and man is 29, which is approximately the ratio of the respective life 
spans. For rat and man the ratio is 24, which is in agreement with the 
known fact that the life span of the rat is somewhat longer than that of the 
mouse. As pointed out earlier, the Gompertz curves for groups of animals 
in different laboratories are apt to vary considerably, and the statistical 
reliability is low when small groups are used. Therefore, these ratios have 
only a qualitative significance. 

- In summary, it may be said that aging in the straight-line portion of the 
age-specific mortality curve may be attributed to a one-hit process that 
impairs the function of somatic cells at a rate inversely proportional to the 
life span. Defining vitality (in the sense of ability to survive rather than 
ability to do work) as the reciprocal of age-specific mortality rate, it is found 


that vitality at any given age is proportional to the fraction of cells (#) 
that have not been “hit” at that age. The exponential decrease in vitality 
with age indicates that the impairment in function of the cell brought about 
by the hit is permanent. Since gene mutations are “permanent” and may 
well cause malfunctioning of a somatic cell, it is not unreasonable to assume 
that the hit represents a spontaneous gene mutation. Permanent chromo- 
some damage could also be implicated. However, in the present state of 
knowledge of the aging process, it is not possible to exclude mechanisms that 
have nothing to do with spontaneous mutations and/or chromosome damage. 
Perhaps the strongest inferential support for the idea that somatic mutations 
are fundamentally responsible for the aging process (represented by an 
exponential increase in mortality rate with age) comes from the fact that 
the genetic constitution of an egg and a sperm determines what kind of animal 
(species) will result from their union, and the maximum life span for that 

mnimal is a characteristic of the species. It is known that the over-all spon- 
taneous gene mutation rate in germ cells is roughly inversely proportional 
- * A more detailed analysis of the whole age-specific mortality curve for man, in terms 
i the mutation theory, will be made in a subsequent publication. 
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to the life span for different species, and it may be expected that the somati: 
mutation rate follows the same general relation. Then the assumption tha 
the increase in mortality rate with age is due to the accumulation of spon! 
taneous somatic mutations provides a simple and plausible mechanism fo 
the control of the life span of a species by the initial genetic constitution 0 
the egg and sperm of that species. Obviously, much more information i: 
needed to confirm or disprove the assumption. 


Cancerogenesis 


The sequence of events in the development of cancer of the skin may b 
visualized most readily from observations on radiation-induced neoplasms; 
Before the very late sequelae of radiation damage were fully realized many 
patients were treated with low-voltage X rays for cosmetic purposes (fo 
example, removal of superfluous hair) and for a variety of dermatologica 
conditions. Single treatments and, more often, repeated treatments wer 
given with doses that produced a definite but not necessarily a marked skin 
reaction during the course of treatment. In general, after a few weeks op 
a few months the skin regained its ‘“‘normal”’ appearance (including, some 
times, the diseased condition for which the treatment had been given). Ina 
considerable proportion of the cases new changes in the appearance of the 
skin became evident after a number of years and, in some cases, neoplasms 
developed still later (usually 15 to 20 years after the initial treatment). In 
the case of the early radiologists and technicians who exposed their hands 
to X rays daily, skin changes were produced gradually and may not have 
been apparent for a number of years. In many instances cancer of the skin 
developed later, the latent period being somewhat related to the degree of 
exposure. 

As far as the present discussion is concerned, the dermatological patients 
and the professionally exposed persons serve the same purpose. In both, 
skin cancer developed after a period of many years in small regions of the 
irradiated areas that had shown definitely visible changes for a considerable 
time. The most interesting thing is that tissue specimens taken from these 
regions for histological study indicate a gradual transition from normal to 
_ neoplastic. That is, in the same irradiated area there are regions in which 
cancer is or is not present, but there are also regions that the pathologist is 
able to classify as definitely precancerous. Accordingly, there must be a 
gradual change in the irradiated skin (over a period of years) up to the time 
that a neoplasm is definitely established. Since it is known that ionizing 
radiation is a powerful mutagenic agent, it is natural to suspect that somatic 
mutations may be responsible for the initiation of the cancerous process. Ir 
this must be included the skin injury that appeared some years after the 
treatment and the precancerous state. We shall consider first a possible 
mechanism for the production of a cancer cell by radiation. | 

The most outstanding characteristic of a cancer cell is its ability to divide 
indefinitely. In normal tissues in which cell multiplication occurs naturally 
(for example, the skin) to take care of wear and tear and to repair damage, cel 
division is carefully controlled. For instance, if the skin is cut, cell divisior 
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§ greatly accelerated, but returns to normal as soon as the damage has been 
epaired. To account for this we may postulate that each cell produces an 
‘antiproliferating agent”? (APA) which, when present in a certain concen- 
ie prevents the cell from dividing. When the skin is cut, the concen- 
ration of this agent at the boundaries of the cut decreases and the neighbor- 
ng cells begin to divide. When healing is complete the concentration 
- to normal. The control of cell division is, therefore, a collective 
ne; that is, all the cells in a certain volume of tissue contribute to it. 
It is not unreasonable to assume that the production of the APA is due 
0 a particular gene in the cell, or, more likely, to the two genes of an allelic 
. Therefore, if suitable mutations of these genes occur, the cell no 
onger produces the agent. The cell then acquires the potentiality of 
indefinite division; that is, it becomes a cancer cell. However, it does not 
follow that a tumor will develop, because normal cells surrounding it are 
able to’ maintain a sufficient concentration of the agent around the mutated 
a Hence, in order for the tumor to develop, a certain number of the 
formal cells around the mutated cell must not function properly or, at any 
rate, diffusion of the APA from normal cells to the mutated cell must be 
blocked or interrupted. If this local situation exists for a sufficient length 
of time, uncontrolled division starts. Once the number of cancer cells has 
reached a certain value (that is, the tumor has reached a certain size) the 
concentration of the APA at the boundary will always be subnormal and 
the tumor keeps on growing. It will be seen, therefore, that the establish- 
ment of a tumor depends on the accidental juxtaposition of a cancer cell 
(which has arisen from a mutated normal cell) and a region in which the 
concentration of APA is abnormally low for one reason or another. 
_ In view of the sequence of events in the development of radiation-induced 
cancer of the skin, it may be concluded that the skin injury, which develops 
slowly over a period of years, provides the required conditions (low concen- 
tration of APA according to the mechanism just outlined) for the growth of 
atumor. The absence of a marked acute skin reaction and the long “‘latent” 
period suggest that the late skin damage may be attributed to somatic 
mutations produced by the radiation in the germinal layer of the epidermis. 
That is, after the acute reaction, there remained cells that had been mutated 
in such a way that they were able to survive; their function, however, had 
been impaired. A certain amount of time was required for the phenotypic 
manifestation of the genotypic change (which occurred at the time of irradi- 
ation), and more time was required for the injury to develop through com- 
petitive processes between mutated and nonmutated cells. Finally, the 
ituation was aggravated by the accumulation of spontaneous somatic muta- 
ions with increasing age, as already postulated. Of course, additional time 
yas needed for the initial cancer cell to produce a detectable tumor by 
B ecated divisions. 
_ The question arises now as to whether the initial cancer cell (involving 
mutations in specific loci) was produced by the radiation at the time of treat- 
ment or was produced later by spontaneous mutations, when the terrain 
was more favorable for the establishment of a tumor. Obviously, the ques- 


1134 Annals New York Academy of Sciences i 


tion cannot be answered categorically. It is known that cancer cells can 
be dormant for many years before a recurrence or metastasis of a tumo 
occurs. On the other hand, it is difficult to see how a cancer cell in skin tha 
is constantly being renewed could remain dormant for as many as 45 years 
the longest period in which a skin cancer is known to have developed in th 
irradiated area of a patient originally treated for an internal cancer. O 
the basis of the mechanism postulated above, it may be possible that a cancet 
cell produced by the radiation could not establish a tumor because the ter ini 
was not favorable (that is, the concentration of APA was not low enough’ 
at the time and, in due time, it died. Thus, a neoplasm that appears ver 
late may well be attributed to the gradual development of the propitiou 
terrain in the irradiated area and a subsequent mutation of a special kina 
occurring spontaneously in one of the cells in this terrain. 7 
The situation is somewhat different in the case of the hands of radiologist: 
in which the damage is due to chronic exposure over a period of many years 
Here the favorable terrain results from the accumulation of more or less 
permanent radiation damage and the probability of occurrence of a cancer 
cell therein is increased by the continued exposure to radiation. 9 
The infrequency of cancer of the skin in patients who receive large skin 
doses in the treatment of deep-seated tumors requires elucidation. In such 
cases the irradiation is usually completed in a period of a few weeks. The 
considerable acute skin damage that is produced is due in large measure to 
killing of cells. Replacement of dead cells is a normal function of the skin: 
therefore, if the damage is not too great, apparently complete restoration 
takes place. There is nevertheless some permanent damage that may cause 
trouble later. Paradoxically, the difference between the dermatological 
cases mentioned earlier and patients receiving deep X-ray therapy may be 
attributed to the larger doses used in these cases, which kzlJ many cells.* 
These are later replaced by normal or nearly normal cells. There are, of 
course, other differences, such as the age of the patients and the survival 
time. Most of the dermatological cases that developed skin cancer later 
were treated in their teens for minor skin ailments. On the other hand, 
patients treated for internal cancers are usually much older and die of the 
disease in a few years—before skin cancer is able to develop. The depth of 
tissue receiving a large dose, which is much greater in the case of deep X-r. 
therapy, should be considered also. Damage to the vascular bed may wel 
interfere with the development of cancer, for instance, by restricting the 
food supply. Further consideration of these quantitative differences woule 
take us too far afield. The point of chief interest at the moment is. that. 
according to the proposed mechanism, cancer develops in an irradiated skit 


_* With small doses a few cells may be killed by the production of lethal gene mutations 
the cells dying when they attempt to divide or after they have gone through a few divisions 
With larger doses cells may die also because of extensive chromosome damage. With stil 
larger doses direct interference with metabolic process at the chemical level (for example 
destruction of enzymes) plays an important part in the killing of cells. Obviously th 
cells that have been killed can cause no trouble later, provided they are replaced by norma 
cells. The complications arise from the fact that at least some of these cells have bee! 
mutated so that they and their descendants function subnormally. 
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area because many of the cells therein are descendants of cells originally 
mutated by the radiation and function subnormally. In some regions 
groups of these cells provide a terrain favorable to the development of cancer 
when, by a particular kind of mutation (spontaneous or otherwise), one is 
produced in such a region. 

If this mechanism for the production of skin cancer by radiation is accepted, 
it is not difficult to extend it in broad outline to all primary cancers of the 
skin. The extension to neoplasms produced by chemical carcinogens is 

bvious, especially when the compound is known to be mutagenic. Some 
are not mutagenic* and, according to the cancerogenic mechanism proposed 
here, they need not be. All that is necessary is that they be able to induce, 
in a certain volume of normal tissue, a favorable terrain for the multiplication 
of a cancer cell already there or produced later by the appropriate spon- 
taneous mutation of a normal cell. In animals chemical carcinogens applied 
to the skin do produce hyperplasia, and a precancerous state is recognizable 
before the neoplasm is definitely established. As mentioned earlier, a pre- 
€ancerous state exists in localized skin areas of the hands of radiologists who 
later develop skin cancer from overexposure to ionizing radiation. The 
presence of hyperplasia is significant in connection with the hypothesis that 
a low concentration of APA is required to start the establishment of a tumor. 
The presence of rapidly dividing cells in a normal tissue seems to favor 
tumor development in general. Thus, skin tumor formation by chemical 
€arcinogens is enhanced by wound healing. Radiation-induced cancers of 
the skin in man occur mostly in regions in which the integrity of the skin is 
difficult to maintain; that is, repair is constantly attempted, but is not quite 
Successful. Perhaps because the skin is thinner and more easily damaged 
mechanically, practically all neoplastic lesions in the hands of radiologists 
occur on the outer aspect of the hands. It should be noted, however, that 
this side is also the one that receives the highest radiation dose. On the 
other hand, spontaneous skin cancers occur also mostly in the same skin area 
(outer aspect of the hands), so that trauma resulting in skin breakage must 
play a considerable part. Open wounds are less apt to occur in the palms 
of the hands where the skin is thicker and the metabolically active cells are 

yetter protected. In spontaneous skin cancers, the effect of sunlight (par- 
ticularly ultraviolet) must also be taken into account. 
It is a matter of common observation that, with advancing age, the skin 
becomes devitalized, drier, less pliable, and more apt to crack. Keratoses 
and other manifestations of local physiological malfunction are common. 
These grow progressively worse or more numerous. Since the deterioration 
is permanent, it is evident that there must be a deterioration of the cells 
that are responsible for the maintenance and renewal of the surface layers 
of the skin. The process may be considered to be a special (regional) case 
| the aging process already discussed. As pointed out under The Aging 
Process, somatic mutations may be assumed to cause impairment of function 


tent) than nonmutagenic ones. Thus the latent period for cancer production would be 


3s It might be predicted that mutagenic chemical carcinogens would be more effective 
= to be shorter. 
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of cells. In the case of the skin a mutated cell in the germinal layer* maj, 
be considered inferior to a normal one, and its descendants (the more differ 
entiated skin cells) are also defective. Lethal mutations in skin cells are 
of no importance, at least up to a certain point, since new cells to take thein 
places can be produced by the remaining ones. While the skin as a whold 
shows deterioration with advancing age, some local regions manifest greate 
damage. This may be accounted for by the randomness of the mutation 
process, which occasionally results in the grouping of mutated cells in clusters 
Thus, according to the mechanism proposed here, spontaneous mutation: 
give rise to local skin imperfections. Some of these provide a terrain suitabld 
for the development of cancer. If and when a normal cell in this region 
undergoes mutations of the special kind that transform it into a cancer cell. 
a neoplasm may become established. Obviously, the local conditions 0 
the tissue must also be suitable for the cancer cell to perform the necessary, 
metabolic processes for division and multiplication. 1 
It is well known that in man cancer of the skin occurs mostly in exposed 
parts of the body (face and hands). On the assumption that the favorable 
terrain is formed initially by the random groupings of mutated cells, there’ 
should be little or no difference in the frequency of these regions of favorable 
terrain in different parts of the body surface. Therefore, contributing factors 
must play an important part in the induction of cancer of the skin in exposed: 
areas. Cancer of the skin of the face is particularly prevalent in farmers 
(especially in Australia). In all cases of overexposure to sunlight in a dry 
climate, the skin shows general damage and local inadequacies to maintain 
its integrity. It is in such areas that cancer usually develops. In an area 
in which a normal skin surface cannot be maintained because the epithelial 
cells are not functioning properly, there is a constant effort to replace the 
superficial cells, and hyperplasia results. This is of interest in connection 
with the APA hypothesis in that cell proliferation indicates that the con- 
centration is low, and a cancer cell in this region can divide and establish 
a tumor. i 
Since ultraviolet radiation (UV) is known to be mutagenic (when it can 
penetrate to the nucleus of the cell), this component of solar radiation maj 
be the chief causative agent. In this case the mechanism of cancer induction 
is essentially the same as for chronic exposure to ionizing radiation. It must 
be borne in mind, however, that the penetration of UV into the skin is ve 
superficial. This may account for the lower incidence of cancer of the ski 
in brunettes than in blondes and for the much lower incidence in the non 
white population of the United States. In 1947 the age-adjusted incidence 
of cancer of the skin of the face, head, and neck was 39 per 100,000 in white: 
and 2.5 per 100,000 in nonwhites. For primary cancers in other sites tht 
difference between whites and nonwhites is very much smaller and may bs 
higher or lower for whites, depending on the site and type of cancer. In thi 
connection, it is most significant that the incidence of cancer of the skin 0 


* Obviously, random mutations in the descendants of these cells are of no importance 
because they are soon replaced by new cells. Note, however, that some descendants ma: 
be mutated into cancer cells (for example, squamous cell carcinoma). 
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the lower extremities (which are usually covered by clothing) in 1947 was 
1.4 and 1.1 per 100,000 in whites and nonwhites, respectively. The corre- 
sponding figures for the upper extremities are 3 and 0.3. 

Chemical carcinogens constitute the next logical class of contributory 
factors. Some of these are known to be mutagenic and, therefore, the 
mechanism of cancer induction may be assumed to be essentially the same 
as that of ionizing radiation or UV. Those that are not mutagenic must be 
assumed to provide the proper terrain for the division and multiplication 


rs cancer cell that happens to be in the skin area to which the carcinogen 


las been applied, after it has been produced by the spontaneous muta- 
ion of anormal cell. It should be noted in this connection that a pre- 
cancerous state, with hyperplasia, is generally present in such cases. 
The mechanism proposed here is indeed applicable to numerous can- 
cerogenic agents of all kinds, including mechanical irritation of sufficient 
degree and duration. 

Hereditary factors promoting the development of skin cancers may be 
oo next. While the possibility cannot be excluded that in some 
individuals the genetic constitution of the cells is such as will facilitate the 
spontaneous mutation into cancer cells (which would be inheritable) the 
writer thinks that, if this factor exists at all, it plays a very minor part. The 
reason is that according to the postulated mechanism, spontaneous somatic 
mutations provide an abundance of cancer cells (see below) and that the 
development of a tumor depends on the juxtaposition in space and time of 
such a cell and a favorable terrain. Therefore, one should look for hereditary 
factors that promote the formation of a suitable terrain. Dry, scaly skin 
provides such a factor. This correlates with the higher incidence of skin 
cancer in older people whose skin has become drier, less pliable, and scaly 
in spots. Therefore, the effect of inherited dry skin is essentially to lower 
the chronological age at which cancer may develop. This is supported by 
observations on radiologists whose hands have been chronically exposed to 
radiation. Another example of an hereditary contributory factor is the 
presence of pigmented nevi. They may be present at birth or may appear 
later. They are quite prevalent in white people, but malignant melanoma, 
which arises from them, is rare. This again emphasizes the dual mechanism 
in cancerogenesis. In general, a nevus is quite small in volume, and the 
chance that one of its cells will be spontaneously mutated into a cancer cell 
must be extremely small. Also, the terrain must be favorable at the proper 
Gene. | 

_ The presentation so far has been in terms of cancer of the skin, because the 
gradual changes that take place with age and those that lead to neoplasia 
ire readily observable. Analogous spontaneous changes must take place 
Bother body tissues modified, however, by differences in morphology, struc- 
ture, function, and innumerable other characteristics. An important differ- 
ence between skin and any other organ is due to the fact that the skin, being 
on the exterior of the body, is more exposed to all sorts of deleterious agents 
and mechanical damage. This accounts, at least in part, for the high inci- 
dence of skin cancer, which, however, does not contribute much to cancer 
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mortality, because (with some notable exceptions) skin cancer is readily 
detected and eradicated before it has metastasized. | 
In considering tissue changes in other organs, it should be borne in min 
that, according to the mechanism postulated here, a local disturbance (0 
the right kind) in a small volume of tissue is sufficient to provide a favorable 
terrain for the development of a tumor. Such local disturbances may occu 
with age because of the accidental grouping of randomly mutated cells! 

because of local trauma, because of hormonal changes, because of inheri 
or neonatal local peculiarities in tissue structure that appear in later life o 
become important as other tissue changes caused by the aging process tak 
place, and, no doubt, for many other reasons. These small local disturbance 
in other organs are not readily observable for obvious reasons. Cowdry,’ 
who has made an extensive study of the changes that occur in the epidermis 
with increasing age, states: ‘As we grow older our epidermal cells are sub: 
jected to strains and stresses of many sorts. The orderliness in their live 
is to some extent broken up. Their mitotic rhythm may be upset. They 
seem to waver between extremes of hyperplasia and atrophy, mineralization 
and demineralization, pigmentation and depigmentation, and they suffe: 
from inadequacy of epidermal appendages (hairs and glands). These ara 
changes not diffuse and uniform, but in most cases fairly sharply localized in 
foci especially in exposed areas of epidermis. In attempting to survive by 
adaptation to such conditions it is not surprising that malignant transforma: 

tions are quite frequent.”’ ’ 
In connection with the possible occurrence of similar local disturbance ir 
other tissues, Cowdry says: ‘One wonders whether examination of the epi- 
thelial linings of the respiratory, digestive and urogenital systems in similai 
whole mounts, if that were feasible, would also bring to light many localizec 
areas showing age changes and which might even fail to receive attention ir 
the study of serial sections. However, they would hardly be so pronouncec 
as in the epidermis, for the epithelia in question occupy more protectec 
locations. It is unnecessary further to describe cellular populations givins 
rise occasionally to epithelial cancers (carcinomas).”’ 4a 
It will be noted that the existence of local ‘‘imperfections”’ in skin, visible 
by the naked eye or through the microscope, is well established. It is wel 
known also that they increase in number and undergo changes with age. A 
least some of them constitute the foci in which cancer eventually a 
The existence of a similar process in other tissues may be inferred. Thes 
local imperfections may arise in a variety of ways: they may be inherited 
just as the shape of the nose may be inherited; they may result from somati 
mutations occurring in the embryo (mosaics) or from a chance grouping 0 
mutated cells occurring later; or they may be due to the action of physical 
chemical, or biological agents, or to other causes. One may think of thes 
local imperfections in tissues as being analogous to the imperfections in th 
orderly arrangement of atoms in a crystal. It is very difficult to “grow” 
perfect crystal. It is reasonable to suppose that during organogenesis— 
very critical process—local tissue imperfections could readily arise for 
variety of reasons. Some of these imperfections may be corrected later a 
. 
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indicated, for instance, by the disappearance of some birth marks in babies, 
or the gradual improvement in the appearance of surgical scars. Inci- 
dentally, the presence of local tissue imperfections produced in embryonic 
et may well account for the high incidence of some types of cancer in early 

e. 

It is now necessary to make some quantitative estimates to see whether 
the dual process for the induction of cancer postulated here can account for 
the observed incidence of cancer of different types and its variation with age. 
We shall assume that the somatic mutation rate calculated from the age- 
specific mortality rate curve for man applies to the mutation of a normal cell 
into a cancer cell. This is 7.2 X 10~* per gene per generation, or 2.4  10~° 
per gene per year. It is reasonable to assume that, if the production of the 
postulated APA is controlled by a specific gene in the haploid cell, the 
two corresponding genes of an allelic pair in the diploid cell must be mutated 
(in a certain way) in order to stop the production of APA and thus, accord- 
ing to our mechanism, produce a cancer cell. Accordingly, if these cells 
are not eliminated in some way or another, the number will increase as 
the square of the age, assuming a constant number of cells in the body to 
begin with. The coefficient will be (2.4 X 10~®)? = 5.8 x 10-¥ and the 
number of cells that have been mutated to cancer cells at time ¢ will be 
W= WN, xX 5.8 X 10°” X #. To simplify the discussion, we may let N, 
Tepresent the total number of cells in the average adult body, and we may 
reckon time, #, from adulthood on to old age. Assuming that the average 
body cell is somewhat less than 10 » in diameter, VN, = 10‘ approximately. 
Then, if each body cell is just as likely to be mutated into a cancer cell, 
W = 10" X 5.8 X 10-” X #, and the number of cancer cells in the first 
year of the assumed time scale is 580. The number is obviously too large, 
and we need not pursue this further. 

If it is assumed that the cancer cell must find itself in a favorable terrain 
before a tumor can develop, we can arrive at a figure approximating the 
observed incidence of cancer in man by choosing an appropriately small total 
volume for the tissue regions in which the terrain is propitious for the growth 
of a tumor. Plotting cancer incidence for any particular site against age 
on log-log paper, we find that the incidence increases as the mth power of 
age in a representative region of the life span. For most sites the value of 
n is about 4 or 5. From the assumption that the somatic cell must be 
mutated in two specific loci to produce a cancer cell, we get 7 = 2. There- 
fore, the difference must be accounted for on other grounds. Obviously, 
the difference may be made up by making a variety of assumptions, but this 
is not a fruitful procedure at this stage. For our present purpose it is suffi- 
cient to point out that the two-loci mutation hypothesis leads to an over- 
abundance of cancer cells, which is a necessary requirement if the develop- 
ment of a tumor is to be attributed to the juxtaposition of a cancer cell and 
with terrain. On this basis the increase in the incidence of cancer 


with a power of the age greater than two indicates that the foci of favorable 
train also increase rapidly with age, which is qualitatively supported by 
observations—at least in the case of the skin. As to the mechanisms by 
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which these foci are formed and increase in number with age, many poss! 
bilities exist, but it seems that they must remain just within the realm of) 
possibility for some time to come. 


I feel that somatic mutations probably play a part in the development of; 
foci of favorable terrain, as part of a general aging process based on somatic 
mutations—the latter explanation being plausible, but as yet unproved.| 
The great difference in the incidence of skin cancer in exposed parts of thes 
body between whites and nonwhites may be ascribed to the effect of sun-: 
light, probably the UV component. If this is so, it supports the somatic 
mutation mechanism and, at the same time, it indicates that the spontaneous; 
mutation rate (not including the mutation rate attributable to exposure to 
sunlight) is responsible for a small fraction of the skin cancer incidence in 
whites, roughly equivalent to the skin cancer incidence in nonwhites. From 
this it may be surmised that the role of spontaneous somatic mutations i 
producing foci of favorable terrain in other organs may not be so prominent. 
It is more likely that local tissue imperfections occur for a variety of reasons, 
but somatic mutations may turn some of them into favorable terrain for thet 
division and multiplication of a cancer cell produced therein. : | 

I acknowledge that others have had similar ideas about the aging process: 
and/or cancerogenesis and have been aware of this fact since I first pre- 
sented an outline of my views in December 1956." The similarity between 
my views and those of others is closest in the case of the theory proposed by; 
Osgood.!!_ I thank Patricia McClement for fitting a four-hit curve to the: 
age-specific mortality data of FIGURE 1 and for general help in the preparation’ 
of this paper. : 
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QUANTITATIVE COLONIAL GROWTH OF SINGLE 
MAMMALIAN CELLS 


By Theodore T. Puck 


Department of Biophysics, Florence R. Sabin Laboratories, 
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_ The development of a simple methodology for growth of discrete, macro- 
opic colonies from cells of warm-blooded animals im vitro has made possible 
uantitative studies of cell reproduction, genetics, and interaction with 
viruses.! 2 The growth of mammalian cells in a particular medium can be 
expressed in terms of reproducible, numerical parameters of plating effi- 
me is, the number of cells in the population capable of initiating 
elf-sustaining multiplication, duration of the lag period before growth is 
nitiated, and the generation time in the exponential reproductive phase.’ 
The use of X-irradiated feeder cells has demonstrated that single cells possess 
molecular requirements for growth different from those of large, closely 
packed cell populations, and has made possible studies of specific cell-cell 
interactions.* 4 Studies of the macromolecular nutritional requirements of 
pure cell lines have revealed the need for at least two protein constituents, 
albumin and a high molecular-weight gamma-globulin (electrophoretic 
mobility of —4.4 X 10-* cm.? sec.-! volt! at pH 8.5) that appears to be a 
constituent of the fetuin system. 
The use of single-cell plating has made it much simpler to establish clonal 
cell lines of mammalian cells. Such strains have been isolated and main- 
tained in luxurious growth for years, during which genetic characters such 
as nutritional requirements, chromosome count, and morphologic behavior 
have been stable. Even cell lines derived from originally malignant tissue 
such as the HeLa carcinoma of the cervix have, after 2 years of cultivation, 
been maintained with a uniformity indicated by the fact that more than 
80 per cent of the cells of clonal cultures have the same chromosome count. 
Stable, differentiating, genetic characters, found either to occur naturally in 
cell cultures or to be produced by means of ionizing radiation, include char- 
acteristic nutritional requirements for single cell growth, chromosome number 
and morphology, virus resistance, and the degree to which the cells tend to 
elongate on a glass surface. The concepts and techniques of microbial 
genetics appear to be directly applicable to the mammalian cell. 
Studies of the effect of ionizing radiation have made possible accurate 
measurement of the mean lethal dose to the reproductive apparatus of the 
| ndividual cell. This value has been demonstrated to be approximately 
100 r, and to vary by no more than SO per cent for cells taken from young 
or old individuals, cultivated for long or short periods 7m vitro, exhibiting 
euploid or hyperploid chromosome conditions, originating in a variety of 
either normal or malignant human tissues, or demonstrating either epi- 
theloid or fibroblastlike morphology. These data, together with other 
considerations, have demonstrated that the primary radiobiological damage 
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in the mammalian cell is lodged in the genetic apparatus, and most probabli 
‘consists in aberration at the chromosomal level. This conclusion was cont 
firmed by the demonstration of the production of large numbers of mutations. 
many of which display modified chromosomal constitution, by doses 0 
radiation equivalent to 5 to 10 mean lethal hits. These considerations have 
been applied to the explanation of several aspects of the mammalian radiation 
syndrome.® © 

Application of these techniques to the study of interaction betweer 
mammalian cells and viruses has made possible determination of the poin 
in virus infection at which single cells lose the ability to reproduce.’ Thi 
permits quantitative titration of viruses on the basis of this cell lethal activity: 
and provides means of following processes of virus penetration and inter 
ference. Virus-resistant cell mutants have been obtained and grown int 
new, stable, clonal stocks. Some of these have proved capable of carryin 
an otherwise lethal virus in a stable association with the cell, so that indi 
vidual cells can display a double potentiality: under certain conditions, ea 


f 


cell multiplies to form a normal colony; under other circumstances, however! 
each cell liberates lethal virus and is itself destroyed. This cellular virus+ 
carrier state may be very important to an understanding of latent virus 


infections in. mammals.® : 
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CELLULAR CHANGES INDUCED BY RADIATION* 


By C. M. Pomerat 


Tissue Culture Laboratory, Department of Anatomy, Medical Branch, 
The University of Texas, Galveston, Texas 


- At a recent Ciba Foundation symposium, van Bekkum! stated: “ Bio- 
chemical changes that can be demonstrated before structural damage to 
the cells becomes apparent are of the greatest interest, because these may 
be expected to be closely related to or even identical with the primary bio- 
chemical lesion.”” For more than a decade our tissue culture laboratory 
has been guided by such a point of view. To achieve our purposes, an 
eclectic position has been assumed in the use of a wide variety of methods for 
cell cultivation, but with special attention given to phase-contrast micros- 
copy and the development of cinematographic devices, including instru- 
Mentation for the simultaneous recording of the time, temperature, and 
action potentials. More than 250,000 feet of 16-mm. film records have 
been accumulated that serve as a reference library regarding the behavior 
of various species of cells in vitro. We have been especially concerned with 
activities such as membrane movement, pinocytosis, the mobility of mito- 
chondria, the motion of aggregated bodies in the juxtanuclear zone, nuclear 
Totation, contractions of the nuclear membrane, and the rhythmic pulsation 
of whole cells or their processes. These records have invited quantitative 
analyses in relation to metabolic activity. While an immense amount of 
work remains unfinished, preliminary inroads have been made in the descrip- 
tion of some activity manifestations of the cell with a group of techniques 
designed to convert dynamic cinematographic records into graphical sum- 
maries. The analysis of nuclear rotation in the epithelium of adult human 
Nasal mucosa (Pomerat?) and the ascent of vacuoles in the axoplasm from 
the growth cones of regenerating neurons from chick dorsal root ganglia as a 
result of pinocytosis (Nakai*) are representative of this effort. Cinemato- 
graphic records have been particularly useful in the study of events taking 
place in the course of mitosis. Occasionally, film sequences accumulated 
with other goals in view have made invaluable data available for the study 
of cell division (Hsu,* Hsu and Moorhead,’ Moorhead and Hsu®). 

In attempting to apply in vitro findings regarding biochemical mechanisms 
Evolved in ionizing radiations to the injury observed in irradiated cells, it is 
hoped that the analysis of time lapse, phase cinematographic records may 
prove useful. 

~ The review of the literature on the use of tissue cultures in the study of 
ynizing radiations by Stroud and Brues’ is a valuable key to the contributions 
in this field. A summary statement regarding our own efforts was presented 
at the Conference on Research in Radiology held at Highland Park, Ill., on 


: * This report is based on research supported by the United States Air Force under 
Contract No. AF 18(600)-1263, monitored by the School of Aviation Medicine, USAF, 


' dolph Air Force Base, Texas. 
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May 10 to 12, 1957, under the auspices of the National Institutes of Health 
Bethesda, Md., and the National Research Council, Washington, D. C. j 
Materials and Methods i 

Culture procedures generally involved the use of the multipurpose chambe 
designed by Rose* since this offers parallel-sided glass surfaces with goo 
optical qualities having a diameter of 25 mm. The main disadvantage off 
the system is that it requires a microscope working distance of at least 6 mm... 
but this is compensated by the fact that, with its very strong framewor 
and thick pure gum, rubber gasket, the chamber absorbs shock during ship 
ment. These properties have favored its use in preliminary studies on 
effect of cosmic radiations on cells in high-altitude balloon ascensions. 

Cell cultures generally consisted of “strain” lines, such as the HeLa clonal! 
S3 (Puck), which we have employed extensively for radiation and other 
studies with the view of accumulating a large body of data on a particular 
cell species. However, ten other human strains and about fifteen speciesi 
of cells from primary explants have been used. Details of the materials: 
employed will be described in the sections dealing with the results obtained.| 

Photographic records were made of living preparations with AO and 
B & L (long working distance) phase objectives, both on still and cinemato- 
graphic units.* Dual setups permitting the simultaneous recording off 
irradiated and control cultures have been found particularly useful (Pomerat! 
and Smith’). Of special interest is the technique using a double prism: 
system (B & L comparison eyepiece) which permits the recording of cellular 
events in sister cultures variously exposed to radiation from two microscopes 
on the same 16-mm. film strip. = | 

Stained preparations were usually made after fixing cultures 6 or 12 days 
after the period of irradiation. The Giemsa-May-Griinwald combination 
as suggested by Werner Jacobson was found most practical. Many ee 
mens received prefixation treatment with a hypotonic saline solution te 
achieve chromosome spreading. The squash method recently advocated 
by T. C. Hsu (personal communication) involves treating cultured cells wi 
colchicine, suspending them in a hypotonic solution, fixing with acet 
alcohol, and staining with acetic orcein. 

Radiation methods. Cultures were transported to the Radiobiologic 
Laboratory of The University of Texas and the United States Air Force i 
Austin, Texas, for irradiation in Thermos bottles and in an insulated box 
to maintain temperatures at approximately 37° C. 

For gamma radiations, cultures were exposed to a high-level cobalt-6t 
facility designed to give a uniform flux over an area 2 in. X 6 in. For total 
doses less than 1000 r, the rate was 200 r/min., while values of more than 
2000 r were delivered at 2000 r/min. { 

In a limited number of experiments using X radiation, the source was é 
self-rectifying, half-wave, 260 kvp, 18 mAmp. therapeutic unit with ar 
inherent filtration of 0.25 mm. Cu plus 2mm. Al. Voltages used were 50 kv 


. * Rolab, Sandy Hook, Conn., and Electro-Mechanical Development Company, Houston 
exas. 
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vad 250 kvp. For the 250 kvp exposures, radiation factors were current, 
2 mAmp.; filtration, 1 mm. Al and 0.25 mm. Cu; dose rate to the field of 
radiation, 500 r/min. For the 50 kvp irradiation, the radiation factors 
were current, 18 mAmp.; filtration, 0.032 mm. Al; dose delivered to the field 
of irradiation, 23 r/min. 


Results 


_ Minimal radiation dose for irreversible injury to cells in culture. In a series 
f pilot experiments, Walther Hild of this laboratory was able to reconfirm 
eports in the literature of tissue culture that very high doses are needed to 
chieve irreversible damage to monolayers of cells im vitro. Approximately 
(0,000 r of gamma from a cobalt-60 source was required to destroy cells in 
Rose chambers within a 24-hour period of incubation. This value was 
btained for the Henle strain of intestinal epithelium, and appeared to be 
-the same order of magnitude for several species of cells from primary 
explants. The main importance of this phase of the work was the demon- 
{ration that with 80,000 r or more the phenol red indicator used as a guide 
to judge over-all cell activity was decomposed. All subsequent experiments 
were performed on cells from which all fluid nutrient was removed during 
the period of irradiation. In turn, this modification in the procedure led 
to the observation of the lowering of the lethal dose. In contrast to a value 
of 140,000 r for fluid-filled chambers, irreversible injury to the Henle strain 
of intestinal epithelium dropped to approximately 80,000 r. 
_ This result suggested a series of experiments on the effect of the gaseous 
environment on sensitivity of cells to radiation. It will be appreciated that, 
since fluid removal from the Rose chamber is readily effected by inserting 
two No. 25 gauge needles through the rubber gasket that forms the wall of 
the chamber, displacement of the nutrient with various gases is easily 
achieved. A report in preparation is concerned with injury to cells irradiated 
in the presence of a mixture of 96 per cent No» plus 4 per cent COs, air, and 
a combination of 95 per cent O» and 5 per cent CO2. Results are in keeping 
With observations obtained with other living systems in which radiosensi- 
tivity has been found to increase sharply with a rise in the level of Oz, but 


with little additional effect at concentrations above 20 per cent. The tissue 
Beare method appears to offer challenging opportunities in this area with 
. reference to alterations in cell organoids, particularly in the study of 
mitochondria in relation to the factor of oxygen levels during irradiation. 
Giant cell formation in various culture systems. The report of giant cell 
formation following exposure of cell cultures to both X and gamma radiation 
by Edith Paterson” in 1942 has been greatly enriched by the contributions 
of Puck and his associates. Radiation-induced giant cells are characterized 
by bizarre multilobed nucleoli and nuclear membranes that show surface 
wrinklings and marked indentations (FIGURE 1). While the phenomenon 
so has been observed in unirradiated cells, such nuclei often exhibit surface 
contractions and twitching movements in addition to complete rotation. 
Since the immediate cytoplasmic environment of such nuclei is rich in 
ictively mobile, long, filamentous mitochondria, one is tempted to speculate 
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Ficure 1. Giant cells in cultures of the human fetal intestinal cell strain of Henl 
The cultures received 2000 r of gamma irradiation from a cobalt-60 source on the thir 
day after transfer.and were photographed with a dark phase-contrast optical system 25 day 
later. Note the enlarged and bizarrely shaped nucleoli, wrinkled nuclear membranes, an 
the rich perinuclear aggregation of filamentous mitochondria. The magnification for bo 
photomicrographs is given by the scale shown in 1a. 
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that these morphologic and activity manifestations may be related to meta- 
bolic events that make such cells valuable in “feeder” layers, as described 
by Puck and his associates. 
_ In the quest for end points that could easily be quantitated, Y. Nakanishi 
1 our group found no significant difference in the ratio of mitotic phases 
between cells of the HeLa S3 clone that received 100 r of gamma irradiation 
from a cobalt-60 source and controls fixed 12 days after irradiation. How- 
ever, under these conditions 51 of 2042 control cells (2.49 per cent) had 
muclear buds, in contrast to 110 out of 2040 irradiated elements (5.37 per 
cent). At 750 and 1000 r of gamma irradiation, the number of nuclear buds 
vas not significantly different from those of corresponding controls. At 
these dosage levels, cultures fixed on the twelfth day showed that the number 
multinucleated cells was increased. There were 8 of 2001 control cells 
with more than 3 nuclei (0.4 per cent), as compared with 14 of 1028 cells 
(1.36 per cent) in the 750 r series. “The controls for the 1000 r dose had 
7 multinucleates of 2113 (0.33 per cent) against 67 of 1114 (6.0 per cent) 
Cells in the treated cultures. Nuclear lobulation, single and multiple buds, 
and nuclear masses that appear to vanish in the cytoplasm in cultures irradi- 
ated both with gamma and neutrons are illustrated in FIGURE 2. 
- We have been concerned with the formation of giant cells in relation to 
(1) so-called cell strains, (2) outwandering cells from primary explants, and 
(3) elements having survived several culture passages im vitro without having 
become established as “‘strain” lines. 
‘Cell strains. Ina report (Pomerat et al.'') which includes a brief review 
Of the work by Puck and Marcus,” we have presented illustrations of giant 
cell formation within 12 days following irradiation with 2000 r and 4000 r 
from a cobalt-60 source from 3 strains. These lines were derived from 
malignant tissue (HeLa, clonal S3—Puck; adenocarcinoma of the lung— 
Maben; epidermoid carcinoma of the gingiva—KB of Eagle), and from 
6 strains that were developed from presumably nonmalignant sources (fetal 
intestinal epithelium—Henle; the conjunctival and hepatic epithelia lines 
of Chang; adult human skin NCTC, clone: 2414; and two lines from our 
boratory; synovial fluid—McC and a fetal fibroblast). Attention has 
sen drawn to the fact that the modal chromosome numbers that have been 
sund for these cell strains range from 6/7 to 83. 
~ Cells from primary explants. In contrast to results obtained with cell 
strains, outwandering elements from liver explants from a human fetus, from 
a puppy, from a young monkey, from monkey lung, from adult human 
meninges, and from the components of granulating tissue never were found, 
by a technique identical with that employed for its demonstration with cell 
o.. to produce giant cells.14_ It was assumed that the chromosome num- 
bers of the majority of the cells in this series were grouped around their 
diploid values. ; 
Cells from subcultures not established as strains. In rechecking Paterson’s 
original article,!° it was found that she had obtained giant cells from second- 
passage cultures of chick embryo choroid-scleral tissue that was also sub- 
cultured after irradiation. Since the radiation dosage levels that she had 
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Ficure 2. Nuclei of HeLa clone S3 cells that received 100 rep of neutron irradiation 
(polonium source) 1 day after transfer to Rose chambers and fixed 12 days later witl 
absolute methyl alcohol and stained with Giemsa-May-Griinwald. The scale for al 
photographs is indicated in 2a, the central element of which shows a nonlobed nucleu 
with multiple nucleoli but without buds; (2b) a bilobed nucleus; (2c) two nuclei with singh 
buds (arrows); (2d) a nucleus with two young outpushings (arrows) and a nucleus fror 
which a bud has become almost completely separated; (2e) the arrow indicates the locatio! 
of a nuclear bud-which is believed to be merging into the cytoplasm; and (2f) multipl 
multilobed nuclei in a single cell. This figure was kindly made available for this repor 
by Y. Nakanishi. 
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mployed were of the same order as those that we had been using, cell out- 
rowth from chick embryonic choroid-scleral explants was irradiated accord- 
ig to the experimental conditions described in our work on giant cell pro- 
luction. Primary explants did not produce giant cells, but second-passage 
ultures yielded large, fat-laden elements closely resembling those in the 
Illustrations published by Paterson in 1942 (Harper et al.1*). 
Ina recent study (Hsu e¢ al.'*), chromosome counts made on adult human 
ynovial cells at the time of each culture passage revealed that, while the 
liploid value was dominant at the outset, the total number of chromosomes in 
he 40-to-50 group fell with time. — In the eighth subculture no chromosomes 
ere found in the diploid range, but counts extended above 55 to more than 
100. By the ninth passage, the most frequent values appeared to have 
pecome grouped in the range of 100 to 135. Current work in this laboratory 
xy Y. H. Nakanishi has shown that chromosome numbers for cells in the 
nitial outgrowth of both human fetal and kitten lung are located predomi- 
antly at the diploid mean. After subculture, the degree of aneuploidy 
Bo ccively spreads in both directions, so that within 3 or 4 passages little 
evidence of a peak remains in the histogram at the level of the accepted 
somatic number. As a working hypothesis, therefore, it is believed that the 
ncreased aneuploidy resulting from the adaptation of cells to in vitro life 
may be related to the development of giant cells following irradiation of 
sassage cultures. In keeping with this view, the characteristic rapid, mas- 
sive production of giant cells following the irradiation of strain cultures is 
srobably correlated with the heteroploidy regularly encountered in these 
sell lines. 
-Cineanalysis of the development of giant forms in living cells following 
radiation. More than 6000 feet of 16-mm. phase contrast, time-lapse 
sinematographic records, generally made from 1 to 5 days following gamma 
rradiation with 2000 r and 4000 r from a cobalt-60 source, are available for 
malysis. The cells employed include the HeLa S3 clone, intestinal epi- 
helium (Henle) and adult human skin (NCTC clone 2414). One of the 
idvantages resulting from the use of these cell species was their relatively 
th resistance to the injurious effect of illumination used for photography. 
Cine records made of a particular field of cells with an 8-mm. objective, but 
without an ocular, at one frame per minute for as long as 5 days did not show 
evidences of damage beyond what could be found in the same chamber out- 
ide of the path of the light beam, or in corresponding cultures that were 
10t employed for photomicrography. Thus, it was possible to follow 
he natural history of the morphology and activities of particular cells 
or a crucial period following exposure to radiation. Selected film frames 
ee ica from the records were enlarged and used to illustrate the most 
jenificant events observed in the course of transformations leading to the 
sroduction of cells of giant size (Pomerat ef al); 
" Postirradiation, gradual cell enlargement is most commonly encountered 
‘or all the cell strains that have been studied. Such progressive increases. 
n the mass of protoplasm are not accompanied by evidences of nuclear 
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Ficure 3. Adult human skin clonal strain (NCTC 2414) cells that received gamm 
irradiation from a cobalt-60 source. (3a) Elements in a culture that received 2000 
4 days after transfer, fixed with methyl alcohol and stained with Giemsa-May-Griinwal 
12 days later. Note the presence and variety of intracellular vacuoles in the majorit 
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Teloreduplication, which has been defined as the simple fusion of daughter 
ells during or after cytokinesis, is relatively frequent. Generally, it results 
h a cell with at least two distinct nuclei. 

Cells with single as well as with double nuclei have been followed and 
proved to be successful in establishing multiple micronuclei without cyto- 
cinesis. ‘The records include a cell with 6 nuclei in a culture of-the skin 
strain that produced some 60 micronuclei. 

_ The viability of cells showing abnormal divisions as proved with cinemato- 
sraphic technique requires much further study. Repeatedly, it has been 
proved that elements with multiple nuclei can enter a second division to 
produce even larger numbers of micronuclei. Observations on cell lineage 
with special reference to the imposition of experimentally controllable 
njuries are greatly to be desired in the development of genetic concepts for 
the origin of cancer. ; 

_ Radiation cytopathology recorded in living cells. In the course of observa- 
fions on irradiated cells in culture, a variety of intranuclear and cytoplasmic 
ynomalies have been observed. While multiple small vacuoles frequently 
fave been seen in the nuclei of cells from the Henle strain of intestinal epi- 
helium, the most regularly reproducible-Jesion has been recorded in cells 
fa skin strain. 

A study undertaken to define the characteristics of long-term, large-scale 
cultures of human epidermis as a cooperative project between the Tissue 
Culture Section at the National Cancer Institute, Public Health Service, 
Bethesda, Md., and the Tissue Bank of the Naval Medical School, Washing- 
ron, D. C., led to the establishment of a strain of epithelium, to be known 
is NCTC 1769, from a 52-year-old* male who had died of coronary occlusion 
Perry ef al.1*). A clone strain begun in November 1953 was kindly supplied 
Or our studies by Wilton R. Earle with the designation NCTC-clone 
2414-12-4. ; 

Following irradiation both with 2000 r and 4000 r from a cobalt-60 source, 
vacuoles regularly have been seen to develop in the cytoplasm of at least 
pe cent of the giant cells within approximately 5 days (FIGURE 3). 

Vacuolar areas may be single or multiple, they increase in volume with time, 
ind there is cinematographic evidence that their content may be expelled 
rapidly. Occasionally, the entire cell appears to consist of a globose mass 
unchored to the coverglass by means of an actively mobile peripheral mem- 
ane (FIGURES 3c and 3d). Fortunately, such cells are markedly resistant 


atom 


oe ‘ 
- Corrected age—personal communication, V. P. Perry. 


i 
f the enlarged cells. (3b) Characteristic appearance of multiple intracellular vacuoles 

a living cell photographed with dark-phase optics 12 days after the culture received 
mo r three days after transfer to a Rose chamber. (3c and 3d) A cell that received 
000 r three days after transfer that was photographed with dark-phase optics 7 days later. 
[he lesion consisted of a single large vacuole surrounded by a zone of cytoplasm with an 
ctive ectoplasmic membrane. Ficure 3c represents the entire cell, while rrGuRE 3d shows 
yne quadrant at higher magnification revealing surface membrane wrinkles both over the 
vacuole and in the marginal cytoplasm. Eachillustration carries its scale of magnification. 


Ficure 4. Selected 16-mm. film frames enlarged to show cytopathological injury to 
cell from-the adult human skin clonal strain NCTC 2414 following with 4000 r of gamn 
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the conditions essential for long-continued observations with cine tech- 
ique. For example, records include observations on the same field photo- 
raphed with an oil immersion objective at one frame per minute for as much 
s 7 days. 

-FicureE 4 represents selected frames from a film record of the NCTC 
lone 2414 skin cell that had received 4000 r from a cobalt-60 source. 
he illustrations were made of activities observed during the eleventh day 
ostirradiation. Not only did this cell contain multiple cytoplasmic vacu- 
les, but lesions were seen in both nuclei. Highly refractile intranuclear 
rticles showed rapid movement, and one of the nuclei performed a com- 
lete revolution within approximately three hours, as judged by the shifting 
position of the optically dense nucleoli (see arrows shown in FIGURES 4a to 4d). 
‘The NCTC clone 2414 cell has become morphologically very different 
rom outwandering epidermal elements obtained from freshly explanted adult 
aman skin, and its chromosome number is now elevated to a mean of 76 
personal communication—T.C. Hsu). These changes probably are related 
0 its capacity to develop benign growths in experimental animals. Further 
tudy is necessary to prove whether the lesions produced in the NCTC clone 
414 cells as a result of irradiation are due to a viral agent or represent a 
pecial injury manifestation directly caused by ionizing radiations. Work in 
rogress by Leonard Hayflick in this relation includes the use of standard 
nethods for the demonstration of filtrable agents. Cells irradiated with 
000 r (gamma) in bottles that showed characteristic cytopathology were 
apidly frozen (—70° C. in an alcohol bath) and thawed 6 times in the 
wutrient medium. This material was spun in the No. 40 rotor of the Spinco 
Itracentrifuge for 2 hours at 35,000 rpm. After centrifugation, the content 
f each tube was arbitrarily divided into 3 segments and these were labeled 
ractions 1, 2, and 3. Fraction 3 represented the heaviest material. The 
‘fractions were held at —70° C. until used, when each was added to the 
utrient fluid of normal human amnion cell line cultures. Results obtained 
hus far are not definitive. 

The cytopathology resulting from irradiation may provide a valuable tool, 
ot only for the study of cell transformations occurring in the course of 
ecoming established as cell lines, but also in the quest of so-called “masked” 
iruses in tumor tissues. 


a, 

radiation from a cobalt-60 source 3 days after transfer to a Rose chamber. The record 
s obtained with an 8-mm. dark-phase objective and no ocular at a rate of one frame per 
inute. Photographs were made during the eleventh and twelfth days postirradiation, 
ut activities during only somewhat more than 6 hours are presented in this plate. The 
sll contained multiple cytoplasmic vacuoles and intranuclear lesions in each of its two 
uclei (N). In addition to the rapid oscillatory movement of the granules in the intra- 
uclear area, one nucleus revolved. The direction of this activity is indicated by the 
rrows in FIGURES 4a to 4e, covering a rotation of 360° in approximately 3 hours, as can 
adily be established by following the position of the 2 dense nucleolar bodies in this 
ucleus.. (4a) Zero time; (4b) 1 min., 18 sec.; (4c) 1 min., 48 sec.; (4d) 2 min., 53 SeC.; 
le) 3 min., 16 sec.; and (4f) 6 min., 43 sec. The magnification for all photographs is 
ven on FIGURE 4a. 
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In a pilot series no peculiar lesions have been found in primary cell culture 
from 3 human brain tumors 12 days following irradiation with 2000 r an 
4000 r from a cobalt-60 source. The program of these investigations 1 
designed to include longer periods of observation with the use of mass culturet 
of tumors maintained through several passages. : 
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MAMMALIAN CYTOGENETICS AND THE CANCER PROBLEM* 


By A. B. Griffen 
The Roscoe B. Jackson Memorial Laboratory, Bar Harbor, Me. Pp? 


The successful preparation of preliminary maps of germinal chromosome: 
in the mouse by Slizynski! and by Griffen’ has indicated clearly that cyt 


genetic studies and experimentation on mammals are entirely feasible. I 
the mouse a formidable array of classic genetic problems awaits cytogeneti: 
analysis and guidance and, in the field of cancer research, an even greatet 
number of questions may be answered at least partially through cytogenetir 
approaches. : 
The classic problems may require only the study of germinal cells, suck 
as the pachytene stage of gametogenesis, in which the phenomenon of synai 
sis provides twenty relatively large chromosomal tetrads representing thi 
entire genome of the individual. Cancer problems, on the other hand 
require the difficult study of somatic cells in which synapsis is rare, variou. 
degrees of polyploidy are common, and frequent instances of aneuploidy 
can be demonstrated; any or all of these features may discourage an investi! 
gator who attempts to study the genetic composition of nuclei in malignan| 

cells. : 
When my own first map of the germinal chromosomes of the mouse wa: 
being tested for general usability, attempts were made to apply the knowledgs 
of chromomere sequences to the identification of favorable large somati 
prophase chromosomes in tumor cells. A teratoma of ovarian origin, studiec 
extensively by Fekete and Ferrigno* and Fekete and Griffen,‘ was found t 
produce, in both nodular and ascitic growths, numerous embryonal cell 
characterized by large and especially prominent chromosomes. At prophas 
these chromosomes often reveal clear chromomeric organization, particularl 
after staining with Sudan black-B and with the use of phase-contrast micros 

copy (FIGURE 1). Homologous chromosomes were occasionally detecte 
even though they lay remote from each other in the crushed and flattene 
nuclei; however, all attempts to identify even the most favorably spread an 

stained elements with those of the pachytene map proved fruitless. Up 

this point, phase contrast had not been employed in pachytene microsco 

since it had early been decided that only the maximum resolution obtain 
in apochromatic microscopy would be used in chromosome mapping. Noy 
however, it seemed obvious that the two types of cells must be studied wit 
the same type of microscopy. Accordingly, a new pachytene map was pr 
pared with the use of phase contrast; this map is not yet considered accura 
{ 


: 


for the smaller chromosomes, which require extensive checking. 


* The investigations reported in this paper were supported in part by Grant C-19 
from the National Cancer Institute, Public Health Service, Bethesda, Md.; in part 
Grant Instr. 70-D from the American Cancer Society, Inc., New York, N. Y.; and 
part by the Elsa U. Pardee Foundation, Midland, Mich. . 
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With the use of the phase-contrast map two of the larger chromosome 
V and VIII, were readily identified in tumor prophases. Other chromosome 
seemed not to match those of the phase map, in either the number or th 
morphology of chromomeres; the map was found to be incomplete in tha 
the terminal portions of all chromosomes were not reliably represented. / 
clear and unmistakable termination point was needed for at least one en 
of each map element. The centromeres or spindle attachment points coul 
satisfy this requirement, if they could be located, for all the centromeres _ 
the mouse are terminal or immediately subterminal in position. In orde 
to identify these bodies, which neither Slizynski nor I had found in ou. 
map constructions, I reviewed a study I had made in collaboration wit 
Mary Warters® on centromere locations in the chromosomes of Drosophil 
melanogaster. ; 

In Drosophila salivary gland cells, the spindle attachment regions of al 
the chromosomes are obscured in a loosely organized heterochromati‘ 
“chromocenter.” In this mass Warters and I had located prominen 
chromomeres that were clearly structures of the X and IV chromosomes 
each of which has a small and obscure second “arm” beyond the prominen: 
first arms that bear all or most of the known X and IV genes. There hac 
been no apparent means of proving that these bodies were centromeres: 
however, with knowledge of centromere morphology now required for th: 
mouse work, the Drosophila problem was reopened, and a means for identify, 
ing the X centromeres was devised. 

Through the irradiation of an X chromosome bearing a point known to be 
readily breakable by X rays, small ring chromosomes could be produced 
each consisting of (1) a fragment of the known genetic arm, broken at th 
“weak” point; (2) a portion of the obscure second arm with the weak poin 
attached to its stump; and (3) the centromere, proved to be present by 
successful passage of the ring through cell divisions. In effect, variou 
lengths of the second arm were to be deleted from the system, leaving onl; 
limited areas of the original chromosome as possible centromere locations 
Accordingly, males from a stock bearing a translocation between chro 1 
somes X and IV, with the dominant Bar eye shape at the breakage point 
were irradiated and appropriately mated. Among the progeny two sma 
rings of the necessary type were found, one having the greater part of th 
obscure second arm still present, and the other having a full deletion of t 

second arm, so that the Bar locus could be found attached directly adjac . 
to chromomere band 20 D of the known genetic arm. | 
With the removal of the obscure portion of the X chromosome, the chrome 
central mass was largely clarified. Chromomere band 20 D was now foun 
to synapse consistently with the presumed centromeres of chromosome 
and with similar structures in chromosome III, in each case forming a s 
loose cluster of densely staining bodies. In all nuclei studied, each vail 
synapsed chromosomes is borne by a total of four centromeres, two for eat 
homologous chromosome. 
The outstanding characteristic of the centromeres, as revealed in tl 
Drosophila study, is their lack of chromosomal specificity. All centromer 
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Synapse into a single mass and are therefore homologous; no other structures 
of the several chromosomes show such homology or synaptic tendency. 
Chromosomal structures having this feature of homology and synapsis were 
now sought in the germinal cells of the mouse and were found without diffi- 
culty. In pachytene nuclei, whose chromosomes are not completely sepa- 
rated in the squash method of preparation, the chromosomes are found to 
be associated at random, in groups of two to six, all of the members of each 
group radiating from a common central point that consists of closely synapsed 
prominent chromomeres. Typical examples are seen at the top of FIGURE 2, 
which is taken from one of the working drawings. By analogy with the 
similar structure of Drosophila, these chromomeres are assumed to be the 
centromeres. 

_ The phase-contrast map was now revised on the basis of having each 
map element begin with its centromeres. Twelve of the twenty chromo- 
somes have now been completed and are found to be reliable as the basis for 
chromosome identifications. Through their use, four of the larger chromo- 
somes, ITI, V, VIII, and XI, can be identified in prophase nuclei of embryonal 
cells in the teratoma. Upon completion of the remaining eight map elements, 
the thorough analysis of tumor nuclei should be possible. Indications of the 
role of chromosomal hypoploidy, hyperploidy, and major aberrations in 
tumor biology will be sought. 

_ Strong indications have been presented elsewhere in this monograph by 
Biesele and by Levan and Biesele that nuclear changes may precede the 
transformation of normal cells into malignant or potentially malignant cells. 
The following account will indicate clearly that nuclear changes do not cease 
after the onset of malignancy, and the cytogenetic mechanisms involved are 
elucidated in several instances. 

_ The formation of interpolar bridges at the anaphase stage (FIGURES 3, 4, 
and 5) is a commonly observed phenomenon in tumor cells. In embryonal 
cells of the teratoma previously mentioned, such bridges were found to occur 
at a high frequency in various generations throughout the transplantation 
history of the tumor. For example, ascitic transplant generations 90, 97, 
103, 117, and 131 showed bridges in five to twelve per cent of all anaphases 
observed. Further study revealed the presence in generations 97 and 117 
of a ring-shaped chromosome not detected in previous or subsequent gen- 
erations, and easily discerned in metaphase plates (FIGURES 6, 7). Since 
ring chromosomes, as classically known from both Drosophila and corn 
studies, are producers of frequent bridges of both interlocking and dicentric 
types, the tumor nuclei are seen to contain a chromosomal aberration capable 
of providing a means for bridge formation and chromosome eliminations. 
Hauschka® has also found ring chromosomes in tumor cells. 

In addition to its rings, generation 97 contained a second type of aberra- 
rion. In the metaphase plate of a single tetraploid cell, a typical inversion 
sure was found (FIGURE 8). This figure is of considerable interest since 
ia appears in a cell in which chromosomal synapsis is not present. It is 
xrmed within a pair of sister chromatids, and is seen in the actual cell in 
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place within the limits of the inversion, the resulting acentric and dicentric 
portions would have been eliminated in the subsequent anaphase. 

These gross types of aberration, while cytogenetically important in them- 

selves, have their greatest significance in tumor biology as indicators that 
chromosome breakages and reorganizations are of frequent and perhaps 
constant occurrence. Equally good indicators of reorganization are those 
that fall into the category of exchanges of linkage—the translocation family. 
Whether between nonhomologous chromosomes (translocations) or between 
n0mologues (crossovers, perhaps both equal and unequal), linkage changes 
provide a means for modifications of the genome. The changes may be 
drastic, as in the case of segmental aneuploidy resulting from aberrant sepa- 
rations of translocation members; or they may be subtle modifications, such 
as the segmental homozygosis resulting from the segregation of crossover 
members. Three examples of segmental exchange are indicated by arrows 
in FIGURE 9, a stereoscopic photograph of a hypertetraploid metaphase in an 
embryonal ascites cell of the teratoma. The arrow in stereoscopic FIGURE 10 
indicates an exchange between two members of a synaptic tetrad in a tetra- 
ploid metaphase of the same material. It is probably significant that such 
exchanges, whether translocations or crossovers, have thus far been observed 
only in tetraploid cells in the 139 ascitic transplant generations of the tumor; 
synapsis and tetrad formation are likewise confined to tetraploid cells. 
_ The role of mutations—of all types and sources—in tumorigenesis has 
been discussed by Burdette’ in his splendid review of the topic. In the 
present paper it is necessary to point out only that chromosomal aberrations 
are reliable indicators of gene mutation, at least in the position-effect cate- 
gory, and that cytogenetically explainable chromosome aberrations are 
especially prominent in malignant cells; consequently it can be concluded 
that the frequency of concomitant mutations is also high. Considered 
together, these nuclear changes are sufficient to explain the capacities for 
variation within tumor lines; even omitting all mutation phenomena, the 
chromosomal losses, interchanges, and segregations may be sufficient in 
that they modify established systems of genic balance within the cell. Since 
genic balance determines all gene attributes, including mutability and 
dominance, the elucidation of balance phenomena in both normal and malig- 
nant cells is the major responsibility of cytogenetics in the immediate future. 
It can be assumed with considerable conviction that, among mammals, only 
the mouse shows promise of becoming sufficiently well known genetically to 
permit the establishment of a direct relationship between malignancy and 
single genes, groups of genes, or whole chromosomes. 
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GENETIC PLANT TUMORS IN NICOTIANA* 


By Harold H. Smith 
Depariment of Biology, Brookhaven National Laboratory, Upton, N.Y. 


2 Genetic tumors are those that arise spontaneously in particular genotypes 
without being incited by any detectable environmental agent, and the 
tumor condition is hereditary. ‘They have been observed to occur through- 
ut the plant and in entire progeny populations of 28 different hybrid com- 
inations of species of Nicotiana.! In 23 additional species combinations 
genetic tumors have been reported to be produced irregularly in some of the 
progeny or restricted to only certain parts of the plants. Species of the 
Alatae section of the genus,? most frequently NV. langsdorffii, are frequently 
sfrct as one of the parents. The tumor-forming hybrids comprise only 


i fraction of the total number of Nicotiana species combinations that have 
een produced; for example, Kostoff* listed 181 different Fi hybrids, 69 
reciprocals of them, 15 amphidiploids, and 5 crosses between amphidiploids, 
making a total of 270 species combinations. Studies on the occurrence, 
cytology, morphology, physiology, and tissue culture of Nicotiana tumors 
have been made since the 1930’s.*® The hybrid and amphidiploid NV. glauca- 
langsdorffii has been studied most extensively. It has been shown? * § that 
tumor induction is not transmitted across the union of reciprocal grafts 
between this Nicotiana hybrid and related nontumor-forming types (other 
Nicotiana species and tomato), thus providing experimental evidence that 
a transmittable tumor-inciting virus is not involved. Black’ has pointed 
out difficulties in disproving viruses as causal agents. 

Histologically!" the tumors range from smooth nonorganoid masses with 
diffuse groups of dividing undifferentiated cells to leafy or stalked types with 
aberrant leaf primordia and considerable vascular development (FIGURE 1). 
Tumor formation is usually initiated in parenchymatous cells in the region 
from the pericycle to the outer cortex. 

- Physiological studies have revealed that rapidly growing tumor tissue 
compared with controls of parental or nontumorous tissue show fourfold to 
sixfold increases in the amides glutamine and asparagine, and moderate 
increases in aspartic acid, glutamic acid, and glycine.’ The protein synthe- 
sized in a variety of randomly proliferating plant tissues, including that of 
NV. glauca-langsdorffii tumors, contains hydroxyproline, which rarely occurs 
free or combined in plants.’ The hydroxyproline has been shown to arise 
from proline in the protein or at the point of synthesis."* The tumor-forming 
amphidiploid is higher in free auxin, possesses a more effective enzyme 
system for conversion of tryptophan to auxin, and has a higher free trypto- 
fan content than either diploid parent.!. Coconut milk and malt and yeast 
extracts’ 17 induce tumors in tissue cultures of normal diploid species of 
Nicotiana and have a stimulative action on tumor culture. Manifestation 
a The research described in this paper was carried out at Brookhaven National Labora- 


tory under the auspices of the United States Atomic Energy Commission. 
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Ficure 1. Spontaneous genetic tumors formed in the region of a node on the stem of 
the amphidiploid Nicotiana suaveolens-langsdorffii. Relatively undifferentiated tumors 
are shown to the left, differentiated tumors to the right. 


of organ formation versus undifferentiated growth in tumor cultures can be 
modified by altering the media or method of culture. Organ formation is 
enhanced by addition of adenine, phosphate, and sucrose; by low concentra 
tion of indoleacetic or naphthalene acetic acid; and by conditions of low light 
intensity, a temperature of 18° C., and a liquid medium.' 48 Scopoletin has 
been found to be associated with differentiation of structures in a morpho 
logically distinct strain of nongenetic tumor of Nicotiana affinis.’ In con 
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lusion, the physiological investigations have demonstrated biochemical 
ifferences in content and in cultural requirements of tumors, in contrast 
oO normal tissue. However, the causes of the metabolic and morphological 
hange leading to tumor initiation remain obscure. 

‘The effect of ionizing radiation on tumor formation in NV. glauca-langsdor fit 
as been described in a number of recent papers.'* 7°? These investigations 
emonstrated an enhancement of tumorous growth correlated with dosage 
f radiation, so that tumors developed earlier and comprised a progressively 
arger proportion of the total plant weight with exposure to increasingly 
reater amounts of irradiation. The same phenomenon is exhibited by the 
amphidiploid NV. swaveolens-langsdorffii, according to our observations. 

- Cytogenetic studies have shown that tumors form on any diploid, triploid, 
or tetraploid combination of NV. glauca and JN. langsdorffii that possesses at 
least one complete genome of each of the parent species.' In an effort to 
establish an association of tumor formation with particular chromosomes, 
the amphidiploid N. glauca-langsdorffii was backcrossed to N. langsdorffit 
md the backcrossing was then continued, accompanied by selection for extra 
alien chromosomes of VV. glauca. However, no progeny with less than a full 
genome of JV. glauca combined with N. langsdorffit produced tumors.* This 
result provided additional evidence of genotypic control of tumor initiation, 
but precluded further chromosomal analysis of this sort. French investi- 
gators have reported that, among the progeny of plants produced from 
X-ray-treated germinated seeds of N. glauca-langsdorffii, nontumoral types 
were obtained.2”-22 They concluded from a study of reductional prophases 
in certain lines that the character ‘“‘absence of tumors” is probably associated 
with a loss of chromosomes. This result is compatible with the results of 
our backcrossing experiment described above. More recently, however, 
Izard*° described two tumorless lines derived from X-rayed seed as above, 
which have the normal amphidiploid complement of 42 chromosomes, regular 
meiotic divisions, and 80 to 100 per cent good pollen. This is supporting 
evidence for the gene control of tumor formation. 

_ Kostoff reported*: * an increase in frequency of abnormal mitoses in tumor 
tissue, but a causal relation to tumor initiation appears unlikely in view of 
the observation that chromosomal loss is associated with reduction or absence 
of tumor initiation. Somatic exchanges between heterogenetic chromosomes 
could conceivably be causal to tumor initiation. Polyploidy is not causally 
involved, since F; hybrids and their amphidiploids show the same tumor- 
forming properties. Inequalities in transmission of cytoplasmic elements 
do not influence tumor formation, since tumors of reciprocal hybrids are 
identical.*: *? 


Materials and Methods 


The basic plant material used in these experiments is the amphidiploid 
Nicotiana suaveolens-langsdorffii, which produces genetic tumors similar to 
those of NV. glauca-langsdorffii. It has certain advantages, such as earlier 
maturity and greater ease of hybridization. In order to explore the relation 
between tumor initiation and somatic mutation, an attempt was made to 
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synthesize plants on which both phenomena could be observed simulta 
neously. WN. suaveolens-langsdorffii was crossed with pollen of 1. sanderae 
which is homozygous for a basic dominant color gene, P, the presence of whick 
permits development of anthocyanin pigmentation in the corolla. Th 
resulting hybrids (FIGURE 2) were vigorous plants with solid red (Pp) flowers 


Ficure 2. Flowers illustrating hybridizations made between species of Nicotiand 
Upper: left, NV. suaveolens; right, N.langsdorffit. Center: left, amphidiploid NV. suaveolens- 
langsdorffii (forms tumors); right, N. sanderae (basic color gene, PP). Lower: hybri¢ 
between NV. suaveolens-langsdorffii and N. sanderae (no aerial tumors). \ 


} 
They were grown in a control field and under conditions of chronic gamma 


radiation (10 to 400 r per 20-hour day) in the summer of 1956. Unex 
pectedly, no tumors were formed on the aerial parts of these plants in spite 
of the presence of a full genome of V. suaveolens and of N. langsdorffii. The 
addition of a genome of JN. sanderae afforded “protection” against tumo! 
formation. It should be noted that the interspecific hybrid NV. suaveolens X 
N. langsdorffii forms tumors, whereas the interspecific hybrid NV. suaveolens X 
N. sanderae does not. 
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In order to retain the tumor-forming property of V. langsdorffii combined 
with the basic color gene of N. sanderae, the interspecific hybrid between 
them was backcrossed 4 times to Jangsdorffii accompanied by selection for 
full anthocyanin pigmentation. In one of these lines a plant was selected 
and crossed as a pollen parent to NV. suaveolens-langsdorffii. This was the 
origin of line A, which was grown in the summer of 1957 under the culture 
number 57163. In another backcross line of similar origin a single plant 
was selected and crossed as a pollen parent to the same amphidiploid and to 
the species V. suaveolens (FIGURE 3). These cultures were designated as 
line B (57162) and line C (57164), respectively. The derivation of these 
lines is shown in the accompanying diagram. 


N. suaveolens X N. langsdor fii 
N. langsdorffii X N. sanderae (PP) 


BC, langs. 
N. suav.-langs. X langs.-like (PP) — lines A and B (P/) 
—_—___—_—.  langs.-like (PP) — line C (P#) 

_ The 3 lines—A, B, and C—were planted as rosette-stage plants on June 18 
in a control field and at 9 different distances from the cobalt-60 source in the 
gamma field. The radiation dosages at the locations used were 1.24235) 
5, 10, 25, 50, 100, 150, and 200 r per 20-hour day. The upper limit of 200 r 
per day was chosen, since previous experiments had shown that this dosage 
would be sufficient to cause a large increase in mutation rate, yet would not 
produce malformations of the flower, which interfere with scoring somatic 
mutations, or marked injury of apical meristems, which stimulates tumor 
formation. 

~ Somatic mutations were scored during the last 10 days of July by noting 
the number of white (pf) sectors (FIGURE 4) in an area one fourth of a centi- 
meter square in the same location on each of the 5 petals.”® In general, 
10 flowers were classified at the higher dosage levels (50 to 200 r) and 30 
flowers at the low dosages (control to 25 r). The total number of white 
sectors for the 5 petal areas were added together, the sum was divided by 
the number of flowers scored, and this mean was multiplied by four fifths 
to give the average number of mutations per square centimeter at each 
treatment for each of the 3 lines. This constituted the data on mutation 
, It should be emphasized that the term “mutation” is used in a 


oad sense and merely indicates loss of color attributed to loss, inactivation, 

or alteration of the dominant P allele. In all probability it usually reflects 
is of the chromosome region bearing the P locus. Its intended use in the 
context of this paper is as a quantitative measure of the influence of radiation 


on genetic material. 
- During late August and early September the same plants that had been 


scored earlier for mutation frequency were classified for frequency of aerial 
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FIGURE 3. 
production and scoring “‘somatic mutation.” 
suaveolens-langsdor fii. 
background that is preponderantly N. langsdorffii; center, line C formed by crossing 


the selection with NV. swaveolens; lower, line B formed by crossing the selection with V 
suaveolens-langsdor fiir. 


Flowers illustrating origin of two lines of Nicotiana synthesized for tumot 


Left: upper, N. suaveolens; lower, N. 
Right: upper, selection with color of N. sanderae on a genotypic 
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tumors (FIGURE 5). These tumors were generally smaller than on the ! 
amphidiploids N. glauca-langsdorffii and N. suaveolens-langsdorffii. Par-- 
ticularly in lines A and B (hybrids with the amphidiploid) proliferations ; 
tended to form almost exclusively at the nodes and to remain discrete, | 
Observations made on the primary stem, 3 secondary branches, and 12! 


Ficure 5. Stems of synthesized line A showin i i i 
: : g small discrete, primarily nodal tumors 
which were scored to obtain data on frequency of tumor initiation. : ie 
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ae 
tertiary branches of each plant were handled separately, and the data were 
expressed as the percentage of nodes having tumors. Greater emphasis was 
placed on obtaining data from the younger branches, since they normally 
produce fewer tumors and would therefore be expected to provide better 
material for observing effects of radiation. 

Four additional cultures were included in these investigations. They 
consisted in crosses, the male parents of which were derived from the hybrid 
WN. langsdorffii * N. sanderae backcrossed four or seven times to NV. sanderae, 
accompanied by selection for specific marker genes of NV. langsdorffii. The 
female parents were N. suaveolens and N. suaveolens-langsdorffii. The 
cultures were as follows. 


57166: N. suav.-langs. X N. sand. (BC7) with langs. genes r and e. 
57167: NV. suaveolens X N. sand. (BC) with langs. genes r and e. 
57168: NV. suaveolens X N. sand. (BC.) with langs. genes 11, 72, and D. 
57169: N. suaveolens X N. sand. (BC,) with langs. genes p and G. 


They were grown only in the control field and were examined in only a quali- 
“tative way for tumor formation. 


% Results 


_ “Somatic mutations.” The frequency of “somatic mutations” expressed 
as the mean number of white sectors per square centimeter of corolla petal 
“surface is shown in TABLE 1. Ninety-five per cent confidence limits around 
“the average values are represented in the table as twice the standard error 
of the mean. Clearly, there is an increase in mutation frequency with 


TABLE 1 
FREQUENCY OF SomMATIC MUTATIONS IN THREE Lines oF Nicotiana 
ExposED TO CHRONIC GAMMA RADIATION 


Mig A B C 

i 57163 57162 57164 
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increasing radiation dosage. The average increase in mutation rate at 200 
over the control rate in the 3 lines is 123-fold. 

In FIGURE 6 the data on number of mutations per sq. cm. of petal are? 
shown plotted against r dosage of chronic gamma radiation per 20-hour: 
day. The relationship is clearly linear in culture A. For lines B and C: 
there is some indication of nonlinearity; however, in all three lines mutations } 
of the same allele, P, are being scored. Assuming linearity, the increase in. 
number of mutations per sq. cm. for each increase in one r per 20-hour day ° 
is 0.134, 0.186, and 0.215 in cultures A, B, and C, respectively. Analysis 
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FIGURE 6. Regression lines showing the relation between frequency of “somatic 
mutations” and r dosage of chronic gamma radiation per 20-hour day. The calculated 
slopes show the magnitude of increase in mutations for an increase in one r unit. 


indicates that three separate regression lines fit the data significantly better 
than a single regression line; hence it is concluded that the three cultures 
respond differently to radiation. Since the same allele is being scored inf 
each culture the results therefore constitute evidence that the genotypic 
background—which is different in each culture—is responsible for the differ- 
ent responses of the P allele to chronic gamma irradiation. 

Tumor formation. Data on tumor formation expressed as the percentage 
of nodes with tumors is summarized in TABLE 2 for 3 ages of stems in each 
of the 3 synthesized lines. There was an over-all correlation between age. 
of stems and tumor frequency in that, on the primary stem, 81 per cent of 
the nodes were tumorous; on the secondary branches, 76 per cent; and on the 
tertiary branches, 62 per cent. There was no obvious trend or correlation: 


| 
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between radiation dosage and frequency of nodes with tumors. The rela- 
tionship was tested statistically by obtaining the ratio of the variance between 
treatments over the variance within treatments (controls and 150 r). None 
of these ratios was significant, as shown in TABLE 3. Clonal populations, the 
use of which might have reduced the variance within treatments, were not 


z TABLE 2 
FREQUENCY oF Nopat Tumors IN THREE LINES oF Nicotiana 
S EXPOSED TO CHRONIC GAMMA RADIATION 
a Percentage of Nodes with Tumors 
_ Treatment Primary stem Secondary branches Tertiary branches 
= A B C A B cE iN B C 
Peontrol 1...) 83.3 Bi70"| 100-0 15 70.8) | 84.6. 9428-4) 60.0 | 75.6°)) 8824 
: Die OS... ti BOnA WeLOOFO 65270 62.5. | 38.2) 30.8 57.4 | 59.0 
Sree On 95.7 15.9) I 92.3 S7e2 le ies ele 7Ono eon O ni Ooms! 
See a alls telly) Tihs |) DEO WOE Uh 78.1 SANG Wi Sile ae 0953 70.8 
GO TNtGOHO. |). 83-3 1: 66.7) 61.3. | 63.4 145.6 | 40.4.4) 63:9 
80.8 S650 otal HUST || SERS) 56.0 
$309. | 77:8 KEE | Se Sit a) 100.4 
69.0 65.7 | 68.1 13239 \— 50m 60.2 
90.0 SOzSu 851.7 |) oe TORTS 2On 59242) 60.0) | sols 
84.0 | 85.2 ha 7A || ebeleel 69.2 | 67.8 
70.6 79.3 | 100.0 | 51.1 TALON fo eOr I AS Onl idadel\ O53 
63.2 90:5 |). 81,3: | 82.9 | 86.3. .| 88:9. | 47.1 70.6 | 65.4 
85.2 76.5 TOLOM NE ark 60.8 | 77-2 
81.8 83.9 (9885-1 69.0°| 85.1.) 91.4 | 58.4 7 6975 MO ez, 
UyaP4 85.9 | 80.4] 70.0 | 77.5 77.5 | 53.4 | 66.2 | 64.0 
W4..0 Fe fal RSPR hs fi SW ee See La i 65.7 
81.4 70,3 62.5 


TABLE 3 
VARIANCE RATIOS FOR FREQUENCY OF Nopat Tumors. 1N THREE LINES 
or Nicotiana ExposED To CHRONIC GAMMA RADIATION 


, 


Variance ratios, F 


Line F 05 
Primary stem | Secondary branches | Tertiary branches 
A 1.00 i! 1) 0.11 8.88 
B | 0.21 0.41 22 8.88 
ree 0.93 0.63 0.20 19.38 
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available for these studies. It was concluded that there was no significant 
difference in tumor initiation among radiation dosages in any of the 3 lines 
or in any of the 3 ages of stems. There was no significant regression of tumor 
initiation on radiation dosage as measured in r units per 20-hour day of 
chronic exposure (FIGURE 7). | 

It is equally evident, therefore, that there was no correlation between fre- 
quency of somatic mutation and frequency of tumor initiation. A range of 
radiation dosages that caused a more than one hundredfold increase in 
mutation frequency of the P allele had no detectable influence on initiation 
of tumors (FIGURE 7) in this material. The basic color gene is heterozygous 3 
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Ficure 7. Regression lines of frequency of somatic mutations and of nodal tumors ont 


r dosage, showing correlation with the former and lack of relation with the latter. Com- 
bined over-all data were used in constructing the graphs. j 


in all three lines; the factors controlling tumor initiation are all heterozygous 
in line C and, at least as far as the swaveolens component is concerned, in lines 
A and B as well. Conceivably, tumor initiation could be due to an unstable 
system in which somatic mutation events are insensitive to the dosages of 
radiation employed. Demerec** observed that reversions in the unstable 
miniature-3 gene of Drosophila virilis were not significantly affected at X-ray 
dosages that increase the general rate of mutations about 1000 per cent. 
On the other hand, an unstable locus in a derivative of the hybrid NV. langs- 


dorffit X N. sanderae was found to be more sensitive to low dosages of 
radiation than was a stable locus.*# 


4 


; ; : ADA 
Another line of evidence that appears to oppose the somatic mutation 
hypothesis of tumor initiation derives from the sexual progeny of tumors, 
Stemlike protuberances extending from tumor masses (FIGURE 1) may occa- | 
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jonally elongate into thickened stems and produce flowers and seed. The 
hickened stems are morphologically unique and are characterized by a 
Wavy” vascular system (observation courtesy of Otto L. Stein).* Seed 
rogeny from these aberrant branches differed in no observable way, includ- 
ng tumor formation, from seed progeny derived from normal stems. 
Segregation for tumor formation. Two lines, with a genotype preponder- 
mtly of NV. sanderae (fourth backcross) in which specific genes of N. langs- 
orffii were maintained by selection, were crossed with NV. suaveolens. A few 
lable seeds were produced. Two surviving hybrid plants from the cross 
7168 involving sanderae + langsdorffii genes i;, i2, and D failed to form 
umors. Of 34 progeny from the cross 57169 involving sanderae + langs- 
lor ffit genes p and G, one plant produced a single large tumor, another plant 
iad several large tumors in the inflorescence, and the remaining 32 plants 
howed no evidence whatsoever of tumors. This was the most clear-cut 
videncet of segregation for tumor-forming tendency to appear in our cultures. 
eo line of preponderantly sanderae genotype (seventh backcross) with 
mgsdorffii genes r and e was crossed with NV. suaveolens and N. suaveolens- 
amgsdorffit, giving 3 surviving plants in the former (57167) and 23 in the 
atter (57166) culture. All plants in 57166 produced tumors that character- 
stically appeared only at nodes, had considerable purple pigmentation, and 
vere relatively highly differentiated, consisting largely of stemlike growths 
esembling witches’-broom. Some solid masses of tumor were as much as 
14 inches in diameter. Of the 3 plants in culture 57167, one produced 
everal definite tumors, while the other 2 formed occasional swollen nodes 
vith excessive branching, but no unequivocal tumors. 

‘These preliminary results indicate that through recombination of genes of 
V. langsdorffii, which incites tumor formation when combined with WN. 
uaveolens, and N. sanderae, which inhibits the inherent tumor-forming 
uality of N. suaveolens-langsdorffii, segregation for markedly different 
Pee of tumor expression can be expected. With this in mind 65 pollina- 
ions of the cross NV. suaveolens by Fi (langsdorffii X sanderae) were made. 
DE 13 viable hybrids produced, 5 formed tumors and 8 did not. This result 
rovides clear evidence of segregation for tumor formation. Of potential 
nterest are hybridizations using as pollen parents the F; and F» segregants of 
V. langsdorffii X N. sanderae, and as seed parents NV. swaveolens-langsdorffit, 
V. glauca, N. glauca-langsdorffii, and NV. suaveolens-glauca. 


Summary 


Spontaneous tumors occur in the genus Nicotiana only in certain species 
ombinations, and their expression may be modified by altering the chromo- 
omal and genic composition of the hybrids. In this sense the tumors are 
enetically controlled. Insofar as can be generalized from the experimental 
esults reported here, the initiation of tumors in plants genetically con- 
tituted to produce them is causally unrelated to somatic mutation; that is, 
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demonstrably effective dosages on a marker gene of the mutagenic agent. 
gamma radiation, did not increase the frequency of tumor initiation. - 
Braun’s investigations*® indicate that the tumor-inducing principle 
tobacco crown gall initiates a gradual change to the autonomous productio: 
of greater-than-regulatory amounts of a cell-enlargement factor or auxint 
a cell-division factor or kinetin, and certain essential amino acids and vita: 
mins. In genetic tumors this inducing principle, possibly itself a DNA,* 
may be autonomously synthesized and quantitatively controlled by t 
action of interacting genes contributed by both parental species (see Kehr’: 
discussion of Braun’s paper**). 
Biochemical differences that have been found between normal and tumor 
ous tissue provide a basis for further investigations on the metabolic dis 
turbances® 7 (apparently accentuated, but not initiated, by ionizin 
radiation?®) that lead to undifferentiated growth. Genotypes synthesizec 
so as to segregate for different manifestations of tumor formation offer nove 
material for a biochemical-genetic approach to the problem. ; 
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Discussion of the Paper 


Donatp F. Jones (The Connecticut Agricultural Experiment Station an 
Vale University, New Haven, Conn.): The evidence presented in this publie 
tion and elsewhere shows clearly that normal growth and development resull 
from the interaction of genes, cytoplasm, and environment, both extern 
and internal. This interaction is dependent upon a well-balanced system 
resulting from countless generations of selection under all possible environt 
mental conditions. | 

Drastic changes in this balanced system may result from many source 
the chief of which can be recognized in gene alteration, chromosomal rear 
rangement, and virus contamination. Plants are especially favorabl: 
material in which to show how these changes may be brought about. Plant 
have cell walls; many gene products are not diffusible through these cek 
walls, so that changes initiated in the nucleus are visible only in the cyto 
plasm of the cell in which they originate and in the daughter cells derivee 
from this altered cell. : 

Nuclear changes affecting growth appear spontaneously in both plant 
and animals and are clearly associated with chromosomal rearrangement 
as shown by the visible changes in gene markers, resulting in paired 0: 
unpaired sectors with changes in color, chemical composition, or cell size 
and arrangement easily visible under a low-power microscope.t Thess 
changes may or may not be accompanied by polyploidy or gross chromosoma: 
aberrations. The evidence indicates that these irregularities in chromosome 
behavior are the result and not the primary cause of changes in growth. 

Obviously, we need to know more about the normal control of growt 
before we can hope to control or prevent abnormal growth. There is gooc 
evidence that change in the nucleus-cytoplasm relation is the beginning 0 
species separation.2 There is much in common between species formatio1 
and the changes that bring about irreversible and uncontrolled growth. i 
both cases there is the loss of control, and genes of one type fail to functior 
normally in the cytoplasm of the other type. The failure to note am 
maternal effect on tumor formation in the species hybrids reported by 
Harold H. Smith and others may be due to elimination in seed-propaga 
progenies. In somatic changes this elimination is not involved unless th 
changes are cell-lethal. Many vegetatively propagated varieties of hort 
cultural plants result from wide crosses, and it is noteworthy that many 
these show much pollen and ovule abortion, as well as chlorophyll varieg 
tion. These visible characters are the first indication of a failure of a nor 
genome-plasmon-environ relation. 
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ENETIC CONSIDERATION OF LEUKOSIS TUMOR GROWTH 
: IN POULTRY* 


By John W. Gowen 


Iowa State College, Ames, Iowa 


The chicken is the host for a cell-proliferating disease having many syn- 
-omes, lymphoid, erythroid, neural, myeloid, and even osteoid types, com- 
nly called the leukosis complex (Jungherr, 1948). The tumor character- 
tics are so diverse as to call for their initiation by several different agents, 
t the existence of more than a single agent is yet to be proved. There is 
ir evidence that a virus is associated with the tumor formation, for filterable 
<tracts under well-controlled conditions appear to initiate the disease. 
Jisease syndromes characteristic of particular tumors are transmitted from 
hick to chick by inoculation of tumor cells. This tumor material pre- 
umably contains a viruslike entity, as well as the living tumor cells. Ordi- 
arily, the filtrate alone takes some weeks or months to progress from infection 
» tumor formation. Inoculation of separated tumor cells, on the other 
and, takes less than two weeks. The lapsed time between tumor inocu- 
ition and the overt tumor disease favors the view that in tumor inoculation 
-is the tumor cell growth potentials that are being evaluated rather than 
ny virus properties the cells may contain. 
‘In our studies of the leukosis-chicken relationship my associates and I 
ave chosen to work with tumor cells of a single tumor line, Research Poultry 
aboratory (RPL) 12, as genetic interest increases where both infectious 
gents are involved. The attack on the problem is four-phased. Host 
enetic differences in resistance or susceptibility to the tumor implants have 
een sought. The tumor cells have genetic constitutions that may differ; 
0 e are favorable to invasion of one host, some are of lesser virulence. 
‘ontact with the tumor cells may lead to host reactions that may affect the 
umor infectivity. These reactions may be of the humoral type or they 
jay be the consequence of more direct cellular action on the part of the host 
Gowen, 1948, 1952, 1954). Studies on the first of these problems were made 
R. P. Poirier and myself and were published as theses at Iowa State 
‘ollege (Poirier, 1951, 1952). Later studies are by Eugene C. Seu, William 


). Haensly (Haensly, 1956), and myself (Gowen, 1937-1954). The lowa 


ee . 
Jivision of the American Cancer Society, Inc., cooperated in the support 


f the research. 


The Host Factor in Leukosis 


“The following experiments were designed to ascertain if chickens, as hosts 
f leukosis, have a range in naturally inherited susceptibilities and resistances 
9 leukosis tumors derived from the RPL tumor 12 

-* Journal Paper No. J-3289 (project No. 1125) of the Iowa Agricultural Experiment 


tation, Ames, Iowa. 
at This tumor was received by us from the Regional Poultry Research Laboratory, 
Inited States Department of Agriculture, East Lansing, Mich., in a frozen state and 
tained by us as transfers through successive control chickens. 
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Two hundred sixty-two families of chickens having 7 to 12 progeny wet 
inoculated into the breast muscle with a standard dose of virulent tuma 
suspension. The families varied in survival from 0 to 100 per cent. Frop 
these results highly resistant families were chosen on the one side and high 
susceptible families on the other. Further progeny were obtained fron 
these families. The progeny that were separated out of this initial popu 
lation on the basis of these tests became the foundation stocks for out 
resistant and susceptible strains. The average results for the breeds ¢ 
poultry from which the families came are shown in TABLE 1, which sho 
that there are breed differences in survival, but that the differences are, 01 
the whole, small. The breeds give the impression of being representativi 
of poultry in general. Each surviving chick was inoculated twice wit! 
0.25 cc. of a mixture of tumor cells and saline in the proportions of 1 to 

TABLE 1 


BREEDS OF CHICKENS AND AVERAGE DEATHS FROM INOCULATED 
LEuKosis TuMORS FOR FOUNDATION FAMILIES 


Bidet Number Per cent 

sg tested survived 
IWikhitesLeehorim cen oes sy oe 1496 33.0 
RhodeIsland Red... +... ace ee oe 242 350 

White Plymouth Rock........... 116 25.9 

New Hampshire. .i3)< s05.<~ + o-i 66 50.0 
BlackeMinorcate.es.c sce + seb ee 53 45.2 i 
White Minoreses, ocr ekieoce ees 23 PANT } 
MNotaliSanees eet Uae mane ees 1996 | Average..... Sdea 


Seven hundred and seventeen chicks survived the first dose, or 36.0 per cent 
672 chicks survived the second dose. Ninety three and five tenths per cen’ 
of the chicks resistant to the first dose were resistant to the retest dose 
Chickens surviving 2 doses are nearly completely immune to following tests 
The evidence of this first generation brought out the fact that a selectior 
and/or immunizing process must be initiated by the first contact with th 
disease. In the first case the first test would have eliminated the genetical 
and environmentally susceptible birds. In the second case active immunity 
to the tumor would have been generated by contact with the tumor materi 
of the first inoculation. The later data indicate that both genetic anc 
immunizing factors cooperated in the observed results. } 
Strains for further breeding have been selected toward resistance anc 
toward susceptibility. Selection for resistance or susceptibility has beet 
by family tests. Progeny from families having the highest per cent surviva 
were selected as breeders for the resistant strains. Those showing zer 
survival were chosen for the susceptible strains. For the resistant strain 
breeding was from the surviving chickens. For the susceptible strain 
families were selected that had nearly zero survivors on the first test. Addi 
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tional chickens were raised from these families. Matings within this group 
f cockerels and pullets formed the second generation of the susceptible 
strains. Selection for susceptibility consequently falls behind that for resist- 
ance. Unselected commercial chicks formed the control groups. 

Selection for resistance has been maintained for 6 generations. At face 
value the trend of survival in the 6 generations is peculiar. Successive 
toups of chicks were tested within each of the early generations. The groups 
from the parental tests were rather uniform, 37.3, 38.0, 46.7, and 31.7 per 
Cents surviving the four tests. The first three tests of the next, or first 
selected generation, progeny were likewise uniform, 75, 63, and 75 per cent 
survived. It would seem that substantial progress in selection for genetic 
tesistance was in progress. That hypothesis, however, was suddenly con- 
tradicted by the survival values of the fourth and fifth lots of chicks from this 
first selected generation. These tests uniformly showed less than one half the 
survival of the 3 preceding groups of chickens, 33 and 36 per cent. On the 
basis of the tests these chicks had no better survival than their parental gener- 
ation. The second generation of selected progeny from the survivors of the 
first generation likewise continued to show uniformly lower survival rates than 
those of the first generation, 20 per cent. Fourth generation selections were 
low and comparable with the third generation, 20 per cent. The fifth gen- 
‘eration showed a rise in resistance, 27 per cent. The sixth generation chicks 
‘selected for resistance showed a further rise in resistance, 40 per cent. This 
‘is a peculiar selection curve but, as shown later, there may be sound reasons 
‘that account for its form. For diseases caused by pathogens, selection 
‘is dealing not only with the genotypes of the hosts, but also with genotypes 
‘of the pathogen. 

_ When selection for susceptibility is practiced it is necessary to disease-test 
‘groups of family progeny before the families for further breeding may be 
‘selected. The selected parents must then raise second flocks as parents for 
the following generation. In consequence, the selections for the susceptible 
‘strains are constantly falling behind the selections for resistant strains in 
“generation time and number. The first group of selected susceptible chicks 
had a survival rate of 49 per cent as against 75 per cent for the resistant 
‘group, but the following 2 groups averaged but 21 per cent survival, com- 
‘pared with 34 per cent for the resistant selections. As with the resistant 
‘selections of this period, the break in survival was sharp. Since selection 
‘for susceptibility was being practiced, it might be argued that progress in 
‘molding the host genotypes by selection was being attained. However, 
“that conclusion need not be true. As distinguished from results obtained in 
resistant birds, it is conceivable that a mutative change in the tumor viru- 
lence may have been selected out as the tumor is passed successively through 
‘the control chickens, so that the pathogen is more virulent cell for cell, and 
oc: able to establish a tumor in the host than the tumor material with 
which the research started. 

_ The breeding selections for susceptible birds had to be discontinued for 
2 generations due to lack of space; it was likewise necessary to discontinue 
selection of birds for test for this reason and because of the necessity of 


1182 Annals New York Academy of Sciences j 


expanding the stock. Testing was resumed for the fourth- and fifth-ge' 
eration birds. The survival values for these generations were similar, 30 an 
25 per cent. Compared with selection for the resistant strains, the result 
favor some progress toward susceptible genotypes. The susceptible sele 
tions reemphasized the question brought out in the resistant selection trends 
Why did survival decrease sharply at the same period in the selections 
Was it due to hosts, environment, or the tumor inoculation? 


The Tumor Factor in Leukosis 


The problem of leukosis tumor virulence may be compared with othe 
forms of pathogens in disease. We have shown that sudden changes ii 
pathogen virulence occur in bacterial disease, Salmonella typhimurium 
(Gowen, 1945; Zelle, 1942), rarely, and in Salmonella gallinarum more f 
quently (Gowen, 1945, 1937-1954). The viruses of tobacco mosaic max 
change in virulence with equal suddenness. These changes meet the criteria 
of mutative changes. The method of change in the leukosis tumor virulence 
may be postulated as follows. f 

In practice, the tumor is transferred to a new chick every 15 to 20 days: 
Samples of cells from the previous passage tumor were inoculated into chick: 
to obtain the next passage tumor. At each passage the cells were subjectec 
to such selection pressures that those cells most capable of rapid growth were 
favored to establish the new tumor. The numbers of inoculated cells are 
large. Changes in virulence may occur in any cell at any passage, but evi- 
dently do not occur frequently. However, when they do occur the selectior 
is for any cell that has a high growth rate and ability to establish rapidly ir 
the chick. The necessary testing of our selected chicks in subgroups was 
ideal for observing such changes. In each generation the chicks were al 
random samples of the same parents, so that the different host groups of any 
one generation did not differ appreciably in resistance. The sharp change 
in virulence between the third and fourth tests was indicative of an inter. 
vening mutation to higher virulence in some tumor cell, with the replace: 
ment of the tumor line by the cell progeny of this cell. The experimenta 
arrangements were such that the tumor of the higher virulence shoulc 
retain its virulence. Our subsequent tests over about 85 passages hav 
indicated that it does. 

This hypothesis was tested further. Another sample of the frozen RPI 
12 tumor was obtained. Cells of this tumor were passed twice througl 
control chickens. The resulting cells were used as the third passage cells o1 
third-generation resistant, first-generation susceptible, and control chicks 
Tumor of the now virulent type 41-47 passage also was used as inoculum o1 
corresponding chicks of the same generations. Three criteria were used t 
measure the effects: percentage of survival, days survived of the birds tha 
did die, and size of organs significant in this disease. 

By each criterion the 41-47 passage tumor, when tested at the same,tim 
on comparable chicks, was more virulent than the third-passage tumot 
although each traced back to the same group of cells. The pooled result 
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of these tests show that the rate of chick survival for the 41-47 passage 
tumors was 6.5 per cent, while that for the chicks inoculated with the 3-4 
ussage tumor was 47.4 per cent. Mean numbers of days for the chicks that 
ied from inoculation to death were 13.6 for the 41-47 passage tumor and 
28.7 for the 3-4 passage tumor. The 41-47 passage tumor inoculum brought 
about a generalized reaction in 84.6 per cent of the chickens, while the 3-4 
Passage tumor inoculum caused only 19.8 per cent of its cases to become 
generalized. With the reduced virulence the reaction was generally localized 
in the breast muscle, the tumor became huge, and death appeared to result 
from its immediate effects. In the case of the virulent inoculum the breast 
muscle tumor was much smaller, internal organs became involved, and 
death seemed to result from the more generalized disease. The earlier 
deaths from the virulent inoculum, as contrasted with the avirulent, clearly 
influenced the clinical expression of the two tumors. In quantitative terms, 
breast’ muscles of the chicks inoculated with the virulent tumor averaged 
7.1 gm., while those for the chicks inoculated with the avirulent tumor aver- 
aged 27.1 gm., the normal controls being 3.4 gm. Avirulent tumors often 
exceeded the virulent tumors in weight by 5 to 9 inches. On the other hand, 
the avirulent tumors seldom metastasized to other organs, whereas the 
Yirulent did so. Livers of birds inoculated with the virulent tumor line 
‘weighed 15.4 gm., whereas those for the avirulent tumor line birds weighed 
8.4 gm., both on the average. Since these comparisons were made, there 
Jhave been some 60 passages of the tumor cells of the 2-4 passage tumor 
‘through living hosts. The cells of these latter passages are now as virulent 
as those derived from the first tumor. 

The relative liabilities of different host selections to inoculated tumor cells 
have been investigated by comparing the susceptibilities of chicks from 
‘mating within and among resistant and susceptible strains. Six such 
‘quadruple comparisons have been made. These tests were made with 
tumor inoculum diluted 1 to 640 saline, as dilution experiments have shown 
that this dilution brings out greater differences in the hosts. These tests 
‘show that the strains do differ in the direction that the selections would 
indicate. In general, the resistant selections are noticeably more resistant 
‘than the susceptible. Differences between reciprocal crosses are not large. 
The hybrids between the resistant strains and susceptible strains tended to 
resemble the resistant parents, indicating phenotypic dominance of resistance. 
Be cclection t of the strains seemed to be taking place under the pressure of 
a 


the selection that was exercised. It is premature to define the exact nature 
of the inheritance involved. As the results stand, they resemble those of our 
previous work on mice in which the inheritance depends on several gene loci 
rather than on a single locus. 


In Vitro Immune Factors in Leukosis 


“4 The mechanism through which the genes act to bring about resistance 
“or susceptibility is an important phase of the genetic problem. Working 
with Haensly (1956), we attacked this problem from two directions. It 
a be recalled that birds surviving one inoculation of the tumor are nearly 
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all resistant. When the chicks have withstood two inoculations they ca 
be considered nearly immune. The factors that led to this immunity it 
chicks treated in this manner were sought in experiments approaching thé 
problem from two different directions. 
The birds could be immune because of circulating antigens, lysogenic 0 
neutralizing bodies that might be found in their blood or organs or, in higk 
concentration, in some tissues that may form them. To analyze for thi 
possibility, one hundred and forty cockerels immune to 9 successive inocu 
lations of the leukosis tumor cells were chosen to furnish the sera and organ: 
used in the search for organ foci of the observed immunity. The work wa 
directed toward tracing and separating the sources of the substances involvec 
in this immunity. Different organs were isolated from the immune anc 
control birds. The following organs were studied: blood, duodenum, heart 
liver, lungs, pancreas, proventriculus, spleen, testis, bone marrow, brain 
cloaca, crop, esophagus, gizzard, large intestine, muscle, small intestine, ang 
kidney. The organs were homogenized separately and incubated wit 
similarly homogenized tumor tissue for varying lengths of time. In this 
manner any immune substances present in the tissue had an opportunity to 
act on the tumor cells and exert any immunizing effect. The mixture was 
then introduced into the left pectoral muscle of fresh lots of test chicks. 
After a suitable time interval for tumors to develop and cause death, the 
remaining surviving chicks were reinoculated in the right pectoral muscle 
with untreated virulent tumor in large doses to test for either active on 
passive immunity of the surviving birds. 1 
The tests were made in 3 ways. Organ tissue and tumor tissue were mixed: 
in 1:1 and 1:14 proportions immediately following removal, allowed to’ 
incubate, and then inoculated into test chicks. In the third method, organ 
tissue was injected into the left pectoral muscle of the chick 2 days prior to 
inoculation of the tumor tissue. 
The results of these extensive tests for the mechanism of resistance to the 
tumors revealed little more than the fact that the mechanism was not simple. 
Customary humoral antibodies, if present, did not affect resistance. There 
were differences in the effectiveness of different organs, but the organs of 
the controls, in general, did as well as those from the immune cockerels. 
Prior treatment with organ cells or serum 2 days in advance of tumor inje 
tion, if anything, favored tumor “takes” and growth. The pancreas tissue 
from either the immune or control birds showed an inhibitory action on the 
tumor tissue, whereas the other 19 organs did not. This may be due to the 
digestive enzymes secreted by this organ rather than its direct immuno- 
logical effect. Other cells causing a reduction of tumor takes were derived 
from the esophagus, gizzard, cloaca, heart, liver, lungs, proventriculus, small 
intestine, spleen, and testis. Cells from immune organs, the small intestine, 
brain, crop, liver, spleen, testis, cloaca, esophagus, and heart stimulated 
resistance to challenge tumor tests. Despite the volume of this research 
there appeared-no clean-cut separation of causative agents for tumor resist- 
ance. A new approach to the problem was necessary. , 
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In Vivo Factors in Leukosis 


The second approach allows the living breast muscle cells to work on the 
rumor cells over various lengths of time. Four experiments, involving 
4 paired immune and control birds, have been conducted. Tumor cells 
Were inoculated into the right pectoral muscle in either 1-gm. or 5-gm. 
. In the first experiment the birds’ cells were allowed to act on the 
ransplant tumor cells and possible contained virus for varying lengths of 
Hime: 2 hours, 2, 4, 8, 16, 32, 64 days. The first experiment showed that 
a critical time for action on the tumor was between 0 and 8 days. The 
“subsequent experiments were held within that range. Four treatments 
are of interest: right pectoral muscle of resistant birds plus tumor cells; left 
pectoral muscle of resistant birds without inoculated tumor cells; right 
pectoral muscle of control chickens plus tumor cells; and left pectoral muscle 
of control birds without inoculated tumor cells. After the tumor cells were 
exposed to the pectoral muscles, the muscles plus tumor or muscles were 
dissected out of the birds, homogenized, and assayed for tumor-producing 
capabilities by inoculation into chicks. In assaying, the muscle plus inocu- 
lated tumor cells was tested in 4 dilutions with saline, 1:2, 1:5, 1:20, and 
1:80. There was a minimum of 5 chicks and a maximum of 40 chicks for 
each of the 80 points representing a specific test, time, and dilution. 

The results indicated that association of the tumor cells with the immune 
cells for somewhat more than one day was necessary to destroy the tumor- 
producing characteristics. The second point of interest was the appearance 
of tumors in the 1:5 dilution on the eighth day. Apparently some of the 
tumor cells escaped the action of the immune cells during that period. 
~ No tumors resulted from any of the inoculations of the left pectoral muscle 
material that was not previously treated with tumor cells. This material 
came from birds that had had saline inoculated into their left pectoral 
muscles when tumor cells were injected into their right pectoral muscles. 
The contrasting results for the breast muscles on the right and left sides of 
the body indicated that no transfer of tumor substances or cells took place 
between the pectoral muscles on the two sides of the chicken within the 
8-day period. 
_ Tumor cells inoculated into the right pectoral muscle of the control birds 
persisted in the muscle for 2 days. The tumor cells were not inhibited in 
their growth. By the fourth day the inoculated tumor. cells had increased 
noticeably in numbers, causing most of the samples from the 1:2 and 1:5 
dilutions to show tumors when inoculated into test chicks. By the eighth 
day nearly all of the right breast muscle tissues contained tumor cells. 
The contrast of this result with that for the immune birds was striking and 
enlightening. The immune pectoral cells certainly had the capacity to 
destroy tumor cells when integrated with the rest of the functioning animal. 
‘This was in contrast to what was observed when we compared in vitro action 
ge the pectoral muscles on the tumor cells as described earlier. ‘Two reasons 
for the differences were evident. The in vitro treatment was of short dura- 
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tion. A longer time may be necessary for the immune substances to act 0 
the tumor cells and/or their contained virus. Second, in these experiment: 
the pectoral muscle cells were fully functioning, whereas the im vitro cell 
probably were not, thus leading to greater effects on the tumor cells. 

Inoculating saline-treated left pectoral muscle cells of the control bi 
into test chickens gave only one tumor out of the many tests. This showe 
again that the tumor cells or their virus did not often migrate to the oth 
side of the bird in the 8-day observation period. This observation was als 
true for further data up to 64 days from inoculation. 


Discussion 


The main objective of this research has been to establish strains of chicken 
consistently susceptible to the leukosis tumor RPL 12 to contrast wi 
those consistently resistant to thistumor. The work is still in its preliminary 
stages. How far the strains are from the objectives sought may be judge 
from the report. 

In this work there is some evidence of progress toward genetic differ: 
entiation of the strains toward resistance and susceptibility. The data indi} 
cate that multiple factors, rather than genes in a single primary locus, are 
involved (Asmundson and Biely, 1932). This result would seem to conform 
to the data of Hutt and Cole (1947, 1953) and their associates in their studies 
of the effects of selection in establishing strains of White Leghorns resistant 
or susceptible to natural leukosis infection, although the types of resistance 
sought were different, the gene bases for resistance may well be different 
(Heisdorf et al., 1947). : 

Evidence is presented on the stability of tumor-cell virulence transferred 
through chick passage. Change in infectivity and lethality occurred twice 
during the experiments. Both changes occurred suddenly and were toward 
increased virulence. The changes came after two or more passages of tumor 
cells in living chicks following preservation in the frozen state. The changes 
in virulence were like those observed in our laboratory in Salmonella ty phi- 
murium and Salmonella gallinarum (Zelle, 1942; Gowen et al., 1937-1954). 
The virulence changes resemble those induced by mutation. They are 
compatible with what may occur in other tumors, although some will point 
to the long record of stable virulence in many of the best-known laboratory 
transferred tumors. Similar variations in stability occur in the bacteria. ih 
our hands, variations in virulence of our 11C strain of SS. typhimurium are 
much less frequent than those that are found for our line of SS. gallinarum. 

Our studies of the causes for the resistance to leukosis virus found in birds 
that have survived 2 or more inoculations of virulent tumor favor long-time 
effects rather than rapidly neutralizing antibodies. Treatment of tumoj 
tissue in vitro with cells or sera from blood and from about 18 organs did not 
give clear-cut reductions in virulence of the tumor cells. ; 

Studies of tumor tissue exposed to living breast muscle cells did give evi 
dence for the destruction or reduction of these tumor cells to avirulence 
A lapse of some days was necessary before the tumor cells became inactive 
These results suggest that the immune muscle cells, rather than circulating 
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numoral elements, were the direct agents controlling the tumor cells. This 
onclusion conforms to that reached in some of our recent studies (Stadler, 
956; Stadler and Gowen, 1957a, 1957b, 1957c) on Salmonella typhimurium. 


/ 


Summary 


_ This paper presents some of our results on the effects of the genotype of 
he chicken on resistance to leukosis tumor inoculations. The results are 
still those of the early stages of a time-consuming experiment. Some progress 
was made toward selecting for genetic resistance or susceptibility to leukosis 
tumor cells. The differences did not appear to be humoral in nature in birds 
made resistant to leukosis tumors by their genotype in conjunction with two 
or more previous inoculations of leukosis tumor cells. The significance of 
the direct action of living body cells was brought out by the action of immune 
as contrasted with unselected breast muscle cells on tumor cells over an 
eight-day period. The immune cells destroyed the infectiousness of the 
imor cells, whereas the unselected breast muscle cells did not. The results 
attained were the product of the joint efforts of R. P. Poirier, Janice Stadler, 
Eugene C. Seu, and William E. Haensly, working in our laboratory. 
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GENETICS OF HUMAN CANCER: A GENERAL 
SURVEY OF METHODS 


By PA. Gorer 
Department of Pathology, Guy’s Hospital, London, England 


This article is not intended as a review of the literature on the genetics of 
juman cancer, but as a general survey of the methods that have been used. 
The choice of examples cited is to some extent arbitrary. 

"While certain genes have been shown to modify the incidence of specific 
tumors in mice, none have been found with the dramatic effects of some 
human genes. Polyposis intestini almost invariably terminates as carci- 
noma of the colon unless the diseased bowel is resected. Similarly, xero- 
derma’ pigmentosum dooms the patient to skin cancer unless precautions 
are taken to shield him from light. Perhaps the most interesting of these 
rare disorders is retinoblastoma, the genetic basis of which has been reviewed 
by Weller (1941) and by Griffith and Sorsby (1944). . The condition is 
mercifully very rare and is a disease of early childhood. The tumor may 
be present at birth, and a diagnosis made on a patient over the age of 10 
should be regarded with suspicion. One of the most interesting features 
of the tumor is its tendency toward spontaneous regression, which is far 
greater than is the case with any other type of malignant tumor. Unfor- 
‘tunately, one cannot rely upon the occurrence of this tendency, and prompt 
treatment is essential. Following regression there is a very characteristic 
‘scar on the retina. To some extent the disease behaves as if determined by 
a single dominant gene with incomplete penetrance. Sometimes an appar- 
ently normal parent shows the characteristic scar on the retina, but this is 
‘not always the case, and it may be found that the patient has an affected 
‘uncle or aunt. In those cases where there is an affected father or where there 
js a history of the disease in a close relative of a parent, the proportion of 
affected children is close to 50 per cent. However, when the mother was 
“affected, 13 out of 17 children were found to have the disease (76.5 per cent). 
“The numbers are small and perhaps represent no more than biased reporting, 
‘and further data would be welcome. One must also consider the isolated 
“cases that may occur in quite large families. It is unlikely that all of them 
“represent genetic mutants, since it is usual for only one eye to be affected in 
“sporadic cases, whereas both eyes. are often affected in the familial cases. 
Occurrence of the disease might be due to somatic mutation in the retinal 
anlage. Hemmes (1931) and Lange (1938) consider that there is a tendency 
for sporadic cases of retinoblastoma to occur in the first-born. This finding is 
“not really favorable to the hypothesis of somatic or germinal mutation. 
‘There can be little doubt that a liability to develop retinoblastoma is strongly 
‘conditioned by a single gene that must be continually renewed by genetic 
Bprstation. Perhaps this gene determines susceptibility to a virus, other 
genotypes succumbing very rarely to its action. Such a view is quite con- 
sistent with the high incidence of the disease in the children of affected 
1189 a 
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mothers and in the tendency for sporadic cases to occur early in the family 
A similar phenomenon is known to occur in mouse leukemia (Maco 
and Taylor, 1948). 

Interesting though these rare genes are, they make a very small co 
tribution to the total incidence of malignant disease. The only commo 
genes known to have any effects are the ABO genes. Even in this case tha 
over-all effect is relatively small. } 

Since it is obvious that neoplastic diseases will not yield to any direct 
Mendelian interpretation, it is essential to make a different approach. 
genetic constitution has a marked influence on the likelihood of contractin 
malignant disease, there should be an excessive concentration of such con 
ditions in certain families. The general public and even certain scientists refe 
to cancer as though it were a single entity like syphilis or tuberculosis, which 
may happen to show different local manifestations. That this is incorrect i: 
shown clearly by genetic studies in mice and by a perusal of human statisties 
This does not mean that there is no final common path such as somatic muta 
tion leading to malignancy, but that the steps leading to this change are widely 
different in various manifestations of neoplastic disease. A further com 
plication must be taken into account by the student of human genetics: 
Diagnostic skills have changed a great deal in recent years, in spite of which 
diagnostic accuracy varies a great deal for different sites. Thus one coulc 
seldom be sure of the validity of death certificates issued twenty years agc 
if one were investigating lung cancer; a similar uncertainty exists today ir 
investigations of cancer of the pancreas. Useful inquiry is therefore limited 
to neoplasms at certain sites. Finally, once one has shown that some par- 
ticular form of cancer shows concentration in certain families, there remains 
the question of interpretation. Families share a number of things other 
than genes, such as dietary habits and religious beliefs, with their accompany- 
ing sexual and social patterns. We must therefore look for ancillary evidence 
before any interpretations can be made. In human genetics we cannot fol- 
low the methods used in animals but, in their place, we have the study of 
twins. } 

Families with a very high incidence of certain forms of cancer have often 
been reported in the literature. It must be remembered that, if any commol 
form of cancer, for example mammary cancer, is distributed at random in th 
population, some families will have several cases, and that such families wi 
probably attract attention. Not all such families can be dismissed as chance 
occurrences. The well-known ‘G” family of Warthin is one such case 
The most recent account of this family was given by Hauser and Weller (1936) 
The males had a very high incidence of carcinoma of the large intestine; t 
females had a very high incidence of carcinoma of the corpus uteri. Thi 
was probably a very rare gene with different effects in the two sexes a 
would be included more properly among the special cases mentioned above 

Clearly, if we wish to obtain information of general interest, investigations 
must be systematic. Much of the pertinent data has been reviewed else- 
where (Gorer, 1953) and here we shall deal only with the salient points. 

In order to assess the results, two methods have been employed. One is 
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to compare the figures obtained from the families of cancer patients with a 
control group, the other is to compare them with the deaths expected for 
the population as a whole. Sometimes both methods have been used in the 
same investigation. 

_ TasLe 1 summarizes the results obtained by Videbaek and Mosbech 
(1954) in an investigation of 302 families of patients with carcinoma of the 
Stomach. Of the controls, 55 per cent were old age pensioners, 19 per cent 
were employees from two factories, 12 per cent were hospital employees, and 
44 per cent were friends and acquaintances of the authors. The figures 
obtained from the proband and control series were also compared with the 
‘expectations based on the mortality in Denmark for the years 1931 to 1940. 


TABLE 1 
FAMILY STUDIES IN CANCER OF THE STOMACH* 


Relation Patients} Control | Expectedt 

GETS at cok ries. ost ne 36 8 19.5 
IBEOUREESHIT: sis Rael 33 8 20.0 
Paternal uncles. ......... 8 6 14.0 
Wiaternal mncles,.... 2... - 5 10 14.5 
SOUS Fever ce ose, «ea eee 2, 2 1.0 

Males, totaban. ta, aa: 84 34 68.4 
AN) [Cone e\ inp s en oe eee 25 8 18.0 
SISUCE SPs ttm Ma Wiel se 22 4 16.0 
Paterhal aunts... ....-... 9 ih 10.0 
Maternal aunts.......... 8 i 15.0 
Mau chiterse carci Sasol: 1 0 0.5 

Bemales total, . 7. <= 65 24 59.8 


_ * Abbreviated from Vidabaek and Mosbech (1954). 
| + On statistics for Denmark, 1931-1940. 


will be seen that the incidence of gastric cancer in the control series is 
nsiderably lower than the calculated incidence. It is not at all obvious 
y this should be so. It is extremely difficult to obtain really satisfactory 
ntrol material. Ideally, controls should come from the same environment 
the patients. In practice, such controls are very difficult to obtain. 
Jatives of cancer patients are often willing to cooperate, while those with 
trivial complaints seldom will do so. In England the incidence of tumors 
om the lip to the pylorus appears to rise steeply with increasing poverty 
egistrar General, 1938). The Danish controls are socially heterogeneous, 
t they do not show any bias toward the more prosperous classes. It must 
remembered that, if carcinoma of the stomach shows an undue concen- 
ion in certain families, one should find other families in which the disease 
ould be rare. Even if one has misgivings concerning the validity of the 
anish controls, the results are still impressive. Among the fathers and 
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brothers of probands there were 69 cases of carcinoma of the stomach against 
an expectation of 39.5, while for mothers and sisters the figures are 47 an 
34 respectively. ‘ ; 

The question of carcinoma of the breast has been reviewed elsewher 
(Gorer, 1953). A number of completed investigations vary considerably in 
merit. All save one agree that carcinoma mammae does show a concentra-: 
tion in certain families. The dissentient vote comes from Passey and 
Wainman (1942), who failed to find any excess of mammary cancer in the 
mothers and sisters of patients. The account given is very brief. Therefor 
one cannot see why their result should be so different from those of Penrose 
et al. (1948), who found 25 cases of mammary cancer in the mothers of: 
patients with an expectancy of 11 cases, while with sisters the figures were 
23 and 7 respectively. : 

As might be expected, investigations that have dealt with cancer in general 
have given conflicting results. : 

There are a number of very striking cases of almost simultaneous occur-- 
rences of similar tumors in monozygotic twins to be found in the literature. . 
The probability that two such people will develop the same type of tumor! 
simultaneously is very small, even if the tumor is of acommon type. These! 
dramatic cases cannot be dismissed as purely fortuitous; they probably indi 
cate that the affected twins were of a highly susceptible genotype. Unfor-- 
tunately, they do not tell us how common these types may be. To discover! 
this it is necessary to study twins systematically. The largest of such 
investigations have been made by von Verschuer and Kober (1940) in Ger 
many and by Busk e¢ al. (1948) in Denmark. In both series a large number| 
of cancer patients were questioned concerning their status as members of 
pairs of twins. If the answer was affirmative, further inquiries were made 
to see if the pair was monozygotic or dizygotic. A total of 47,000 cancer 
patients was investigated by these two teams; from the total, 262 ‘“‘useful” 
pairs were obtained. The number of multiple pregnancies in Western 
Europe is more than 1 per cent, and the proportion of useful pairs may there- 
fore seem unduly low. However, neonatal mortality is considerably high 
in twins than in single births. Furthermore, there are cases in which the 
fate of a member of a pair could not be ascertained, and it sometimes happens 
that when one twin has died in infancy the surviving member may be ignora 
of the fact that he is a twin. 

The results of these two great investigations are shown in TABLE 2. It 
will be seen that Busk et al. (1948) give the degree of concordance to be 
expected by chance for a population of the sex and age distribution under 
consideration. Clearly, there is no indication that highly susceptible gen 
types are very common in Denmark or Germany. 

Before analyzing these data further we may point out that there are tw 
main variables to be considered in the present context: the time at which a 
tumor is observed, and its situation. The figures sited above indicate that 
the time of onset of neoplastic disease is not very strictly determined genetic 
ally. This should cause no surprise to students of mouse genetics. Ho 
ever, TABLE 3 shows that the site at which a tumor is likely to occur is largel 
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Z TABLE 2 

; CANCER IN Twins: LARGE UNSELECTED SERIES ONLY* 
: ” Concordant | Concordant Dis- Con- Dis- 

= T ft on is 
ve 2 shee observed expected | cordant ao cordant | cordant Bo 
Monozygotic. aoe 7 5.0 43 50 2 (4) 21 (19) 23 
Dizygotic RR fe fl 9.2 126 133 7 (9) | 49 (47) | 56 


oo in parentheses are those found by Kober in 1950. Quoted by von Verschuer 
~ * Data from Busk ef al. (1948) and from von Verschuer and Kober (1940). 


% 


ee TABLE 3 
DEGREE OF CoNCORDANCE FOR TYPE OF GROWTH WHEN BotH MEMBERS OF A ParIR ARE 
: AFFECTED: UNSELECTED SERIES ONLY 


Concordant | Discordant* | Total 


MMionozyZOtles 6. soi 12 4 16 
DiZV COC aert ces HE St 18 23 
‘Rotallmaing ae is Sete < 17 22 39 


* In two of these, one partner had carcinoma of the stomach, the other of the intestine 
- (see text). 


under genetic control. If both members of a monozygotic pair do develop 
tumors, it will probably be in the same organ. In two of the four discordant 
“monozygotic pairs, one twin had carcinoma of the stomach, and the other 
‘had carcinoma of the large intestine. Among dizygotic pairs the agreement 
is less striking, but some of these pairs were of different sex. 

_ The data presented in TABLE 2 suffer from the grave drawback that they 
- treat cancer as if it were measles or tuberculosis. It may seem superfluous 
to expose this fallacy further, but its importance is well shown in reaching a 


at 


decision concerning the inclusion of any twin pair in the series under dis- 
‘cussion. In any systematic survey one will find partners who are alive and 
po calthy, those who have developed malignant disease prior to the survey, 
those who have done so during the survey, and those who have died prior to 
the occurrence of malignant disease in the proband twin. At what age 


should the death of a partner disqualify a twin pair from inclusion? The 
- Danish workers excluded twin partners who had died prior to the age of 
five. If the proband had retinoblastoma or acute leukemia, this might be 
legitimate, but it is hardly suitable if the proband has gastric or mammary 


carcinoma. 
s The only two sites that warrant detailed discussion are carcinoma of the 
“stomach and carcinoma mammae. Before considering these, it will be as 
oy well to consider certain theoretical points affecting questions of interpre- 


i 


; 


1194 Annals New York Academy of Sciences ‘ 


tation. We may draw a comparison between the results of twin studies 
and the results that might be obtained if one were to select pairs of mice 
from various inbred strains. Clearly, the number of concordant pairs must 
depend upon the relative frequency of susceptible and resistant strains.; 
However, even if we draw pairs from a single susceptible strain, the degree 
of concordance will depend upon the time during which the observations are 
made. In TABLE 4 we see the data of Bittner (1935) for the A strain of mice. 


TABLE 4 
CANCER INCIDENCE IN A HiGHLY SUSCEPTIBLE STRAIN OF MIcE* 
Age (months)....... 4.5-5.5/6.5-7.5|]8.5-9.5]10. 5-11. 5)12.5-13.5]14. 5-15.5] 16.5 and 
over 
No. dying a 
Cancer-free....... 35 32 26 23 17 15 4 = 
With cancer...... 3 20 49 62 64 37 34 


* Data from Bittner (1935). 


TABLE 5 \ 
CANCER OF THE STOMACH IN TwINs: UNSELECTED MATERIAL ONLY ) 


Monozygotic pairs 


Authors 
No. of ; Same | Different { 
° Discordant 
pairs tumor tumor i 
von Verschuer and Kober...... 6 4 (2) 2 (4) — ; 
Busk and associates........... 6 5 — iT! : 
Others fig, 5 Fay eek oe ee 7 3 3 1%. 
Bo aah paced sass cae) a) ee : 
MOCHL see cect hie sat a oa 19 12 (10) 5 (7) 2* | 
Dizygotic pairs ; 
Authors 
No. of Dicekedane Same | Different : 
pairs = tumor tumor i 
4 
von Verschuer and Kober...... 17 13 (12) —(1) 4 1 
Busk and associates........... 6 — 1 : 
Ali 7 OC eee Boer WY Re TY Pee 4 1 4t H 
POUR Apts cmc ce sa 34 23:(22) 1 (2) a1) 


EEE ES spe a Ss re ee ed eee 
The figures in parentheses include the more recent data of Kober, as in TABLE 2. 
* These tumors were both in the large intestine. 

} References from Gorer (1953). 

t One with tumor of large intestine. 
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No tumor was seen earlier than 4.5 months of age, and deaths prior to that 
ige do not enter the calculations. Subsequently 64 per cent of 421 mice 
veloped mammary cancer. If we were to draw pairs at random from 
this population we should obtain some pairs in which neither had cancer. In 
twin investigations such pairs would not occur, since one member must have 
cancer to be included in the study. If these pairs are ignored, 47 per cent 
of pairs will be found to be concordant. However, this figure would be 
applicable only to human material if the latter were to be based on death 
Certificates of human twins. In practice this is not true. The German 
survey was originally carried out between 1933 and 1938. A follow-up was 
done by Kober after 10 years (quoted by von Verschuer, 1953) and such 
details as are available will be dealt with later. Among the Danish series 
very few pairs had been under observation more than five years. If we 
wished to carry our analogy with mice further, we should have to consider 
what right happen if we were to observe the mice for a few months. It is 
futile to go into detailed calculations, but a glance at TABLE 4 will show 
that one half of the probands would be aged 11.5 months or less, and that 
many would have healthy partners, of which a large number would develop 
‘cancer later. One must therefore be cautious in drawing negative evidence. 


wn 


TABLE 6 
Mammary CANCER IN TwINs: UNSELECTED SERIES ONLY 
Monozygotic pairs 
Authors 
No. of pairs | Discordant | Concordant 
von Verschuer and Kober....... 3 3 
Busk and associates... .2.4..:- 112: 11 1 
(OMENGCTESSES ais Ae cre Sci. cote eee ene eee 2 2 
“TRIE eee e cee ees (ree aon CCIE 17 16 1 
og Dizygotic pairs 
E Authors 
No. of pairs | Discordant | Concordant 
1 von Verschuer and Kober....... 9 8 (7) 1 (2) 
3 a Busk and associates...........- 19 17 Z 
q: (QRANST IES: eet 2 coc ee ena DO 8 5) 3 
ie Gi Rh os ee eae eee EP 36 30 (29) 6+ (7) 


_ Figures in parentheses as in TABLES 2 and 5. 


_ * References from Gorer (1953). 
+ In only one of these cases did both partners have cancer of the breast. 
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The data for cancer of the stomach given in TABLE 5 are very striking 
The figures in parentheses show the results of Kober’s follow-up. No les : 
than 9 of 19 pairs show concordance if we include the smaller systematic sur~ 
veys, or 5 of 12 if we confine our attention to the largest studies. This is 
an interesting result, but it should not be unexpected. Carcinoma of the 
stomach is certainly favored by certain types of environment, but its asso- 
ciation with blood group A and with pernicious anemia and achlorhydria 
indicate that not all genotypes are equally susceptible. The data give strong 
confirmation to the findings of Videbaek and Mosbech. 

In TABLE 6 we see the results for mammary cancer. Here there is but 
little indication that susceptible genotypes are common. Von Verschuer 
and Kober list only three pairs of monozygotic twins, and the age at notifi- 
cation is not stated. It will be interesting to see if a long-term follow-up 
of the Danish series alters the figures materially. At present the data 
resemble Passey and Wainman’s findings. P 

To many the facts presented may seem somewhat disappointing, particu-- 
larly with regard to studies of twins. In my opinion such studies are of great! 
importance. They need to be carried out on an international scale; they’ 
also demand considerable patience. The establishment of pure strains of| 
mice by Leonell C. Strong and others also needed considerable patience, , 
which has been well rewarded. Considerable interest is now shown in the’ 
geographical distribution of various types of cancer. A knowledge of genetic: 
variables is of vital importance in understanding the epidemiology of neo-. 
plastic diseases. _§ 
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STUDIES ON HUMAN CANCER FAMILIES 
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=e : 
The heterogeneity of human populations and a lack of confirming evidence 
both complicate genetic studies of human cancer. A family becomes part! 
of a study because one of the members develops cancer. The investigator 
knows himself to be treading on unsound ground when he tries to follow} 
the history back into earlier generations. Many records will have been lost.. 
The memory of most of us about the illnesses of our ancestors is far from 
accurate. 
Family histories of the rarer forms of cancer, however, can be studied 
genetically without too much difficulty. The disease occurs in only a few? 
families in any population unit. Information about affected and non-- 
affected members can be collected with relative ease. The patterns off 
inheritance have been determined for cancerous and precancerous types: 
such as retinoblastoma, neurofibromatosis, multiple polyposis, and xero-- 
derma pigmentosum. 
Several reports have been made of families having multiple cases of more : 
common types of cancer. Such histories are striking. The histories may) 
include members having several different kinds of cancer or relatives with | 
cancer of one site. A high frequency of cancer in a family group may be the. 
result of gene action, but that is not necessarily the explanation. An environ- 
mental agent common to the relatives could theoretically cause multiple 
cases in a family. Moreover, cancer occurs so frequently in our population 
that mere chance might be the explanation for some cancerous families. 
One might suppose, then, that family histories are of little value for 
genetic studies of common forms of cancer. That opinion should not be 
held too strongly. If geneticists fail to collect and complete family histories 
of cancer when the opportunity arises, they will miss an opportunity to 
determine patterns of inheritance once heredity has been shown to be a 
factor. There is a possibility, also, that cancers of a particular site and type. 


such as breast cancer, may be broken down into distinct entities by detailed 
studies of family histories. : 


Twin Studies 
| 
Some measure of the relative effects of heredity and environment as causes 
of cancer must be available for an understanding of the genetics of the 
disease. Monozygotic and dizygotic twins have been used for that purpose. 
If heredity is the only causal factor, monozygotic twin members will always 
be similar; dizygotic twin pairs will sometimes show similarity and some- 
times unlikeness, just as do regular siblings. If environment is the sold 
causal agent, the frequency with which similar pairs occur should be approxi- 
mately the same for the two kinds of twins. Relative effects of both heredity 
and environment are measured by comparisons of the proportions of similar, 
1198 
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or concordant, and dissimilar, or discordant, pairs of monozygotic and 
‘dizygotic twin pairs. 

Macklin (1940, 1947) reported the degrees of concordance for cancer 
“among monozygotic and dizygotic twin pairs. The concordance for cancer 
occurrence was higher for 65 monozygotic than for 49 dizygotic twins by 
about two to one. However the proportion of discordant monozygotic twins 
was rather high, approximately 37 per cent, indicating that environment is 


that monozygotic twins have a much higher degree of concordance for 
similar sites than do dizygotic twins. 
Busk, Clemmesen, and Nielsen (1948) collected information on cancer 

occurrence among 185 twin pairs in Denmark. They reported a slightly 
higher concordance among monozygotic than among dizygotic pairs for 
‘cancer occurrence, but the difference could not be considered significant when 
‘the expected proportions were determined after corrections for age. In only 
7 of 52 monozygotic pairs and 7 of 133 dizygotic pairs were both members 
affected. Among these concordant pairs, the monozygotic twins showed a 
clear tendency for similar site involvement: 4 of the 7 monozygotic, in contrast 
to 1 of 7 dizygotic pairs. 
Relatives of cancer probands might seem a good source for twins. Oliver 
and Jackson (1954) reported 548 twin pairs among relatives of probands used 
in their studies of breast cancer. The results show the difficulties encoun- 
- tered in collecting twins for study. Only 91 of the pairs could be used. The 
others were discarded because they were younger than 30 years, or because 
one or both had died in early life, or because information was in some way 
scanty. Verifications of the reported type of twinning have not been made 
for all pairs. According to the information available, however, 6 of 23 
monozygotic pairs and 22 of 68 dizygotic pairs have one or both members 
affected. Three of the 6 monozygotic and 3 of the 22 dizygotic pairs show 
concordance for cancer occurrence. The pairs of twins are to be followed. 
A number of reports have been made of single pairs of twins with both 
: members affected. No attempt will be made here to review these reports. 
~ Monozygotic twins, when both are affected, tend to have very similar path- 
~ ology, as Oliver (1950) reported for the pairs of twins with breast disorders 
- whom he identified as LP and DZ. We need more case reports of twins 
‘ having only one member affected, as well as of those with concordant pairs. 
- Although dizygotic twins have a rather high proportion of pairs with both 
"members affected, monozygotic twins show a definitely higher tendency to 
“have similar sites involved when both members have cancer. The data 
support an interpretation that a hereditary susceptibility is responsible for 
- the development of cancer in specific sites by some persons. The data are 
also evidence that a proportion of the cancers are caused by environmental 
agents, or that environment is responsible for variations in age of onset. 


Observed and Expected Cancer Frequencies in Relatives 


: Actual cancer frequencies among relatives of probands have been com- 


_ pared to expected frequencies as a means of determining whether or not a 


fi 


-astrong agent. Comparisons of twins with both members cancerous showed — 
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hereditary tendency for cancer exists. Expected frequencies were deter- 
mined by use of morbidity and mortality rates for cancer, assuming that! 
relatives of cancer probands faced the general population risk. Some investi- 
gators chose instead to use a group of control (noncancerous) probands; 
they used the cancer frequency in their relatives as a measure of expected 
frequencies. Accurate information about cancer in older, deceased gen- 
erations of families or in distant relatives of probands was not easy to obtain. . 
As a consequence, comparisons drawn are primarily of the parents and 
siblings of probands. 

Several cancer sites have been studied, using the control group as a measure? 
of frequency. For practical reasons, the studies discussed here will be: 
limited to some of the reports on breast and stomach cancer. More com-- 
plete references can be found in the reports mentioned. 7 

In their completed reports of breast cancer studies, Martynova (1937),, 
Jacobsen (1946), and Woolf (1955) used a control group for comparative : 
frequencies. Martynova reported that 2.65 per cent of female relatives of ' 
201 breast cancer patients were similarly affected. Only 0.17 per cent of | 
female relatives of a control group taken from dental clinic patients developed | 
breast cancer. A higher proportion of mothers than of sisters of the pro- 
bands had breast cancer. The cancer families also had a higher rate of total | 
cancer than did the control families. Some question about the relative | 
ages of the cancer and control probands has arisen. - 

Jacobsen compared the family histories of 200 breast cancer probands with 
those of 200 control probands selected from patients under medical care and 
from residents in an institution for old people. The frequencies of breast 
cancer among mothers (10.5 per cent) and among sisters (3.4 per cent) of 
breast cancer probands was higher than the respective frequencies in the 
control group. Jacobsen also reported a higher rate of total cancer among 
parents and siblings in the cancer group. He concluded that a hereditary 
tendency for total cancer exists, as well as a tendency for breast cancer 
occurrence. Busk (1948) has shown that the expected cancer rate among 
Jacobsen’s control families is much lower than would be expected on the 
basis of the population risk. He supports Jacobsen’s conclusion that there 
is a hereditary tendency for breast cancer. ; 

Woolf selected a group of control probands from several sources, bu 
attempted to match them with 200 breast cancer probands for age, socio- 
economic status, and sex. The sequential analysis method was used to 
compare the frequencies of breast cancer and total cancer among relatives 
in the two family groups. Woolf concluded that breast cancer is hereditaril 
conditioned, but that families having breast cancer do not have an increased 
tendency for cancer at other sites. These conclusions agree with the results 
he obtained by comparing the observed breast and total cancer rates with 
the rates expected when computed by use of Utah vital statistics. q 

ne former type of study mentioned above compares the frequencies in 
cancer families with expected rates computed from the statistics of the gen- 
eral population. If heredity is a causal factor, families of cancer probands 
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should have a rate higher than that for a population of the same age, sex, 
and environmental patterns. On the other hand, if the cancer families face 
the same risk as the population, the two rates should not differ significantly. 
Smithers (1948), Penrose, MacKenzie, and Karn (1948), and Woolf (1955) 
have compared the rate of death from cancer in families of breast cancer 
probands with the deaths expected if risks are the same as those of the 
population. ; 

_ Smithers questioned 459 breast cancer patients about cancer among their 
relatives. He found that a higher number of deaths from breast cancer were 
reported for the mothers and sisters of the probands than would be expected 
‘on the basis of population risk. The frequency of cancer at other sites was 
not increased in the cancer families. 

- Penrose, MacKenzie, and Karn investigated the death rate from cancer 
among relatives of 510 breast cancer probands. The expected number of 
deaths was determined by matching the verified deaths from cancer in the 
families by age and year of death with the mortality rates for England and 
Wales. The number of deaths from breast cancer in 25 mothers was about 
‘twice the expected number. Among sisters of probands, 23 had died from 
‘breast cancer, whereas 6.98 was the expected number. The numbers of 
“deaths from general cancer in close male and female relatives of the probands 
“was approximately equal to the number expected. The authors concluded 
‘that in the families studied, heredity is a causal factor for breast cancer, and 
“that the inheritance is for a specific organ involvement, not for cancer in 
general. Woolf’s conclusions were similar, as has been mentioned. 

~ Hagy (1954), Woolf (1955), and Macklin (1955) have recently reported 
“studies of stomach cancer cases. Woolf selected as probands 200 indi- 
‘viduals having pathologically proved stomach cancer who had died. Of the 
810 parents and siblings who had died since 1910, the death certificates 
“showed that 5.4 per cent died from carcinoma of the stomach. The fre- 
quency is significantly higher than that expected on the basis of the popu- 
ation risk. Relatives of probands showed a rate of cancer at other sites no 
higher than that in the general population. 


ee Hagy interviewed 106 patients who were proved cases of gastric cancer. 
~The frequency of gastric cancer among the relatives of these patients was 
compared with the frequency in relatives of 60 control persons who were 
under medical care, but did not have cancer. Hagy found that 1.2 per cent 
of the relatives of gastric cancer probands were similarly affected, and 0.5 per 
cent of the relatives of control probands had had stomach cancer. ‘The differ- 
ence is not statistically significant. 

2 Macklin (1955) reported an increased incidence of cancer of the stomach 
and intestines over the rate in the general population. Gastric cancer was 
“found to be about four times more common in close relatives of gastric cancer 

probands than would be expected if they faced the population risk. ; 

We cannot ignore the fact that the data obtained by some investigators 
have led them to refuse to accept heredity as a factor in'the occurrence of the 


"more common cancers. Even those who believe ‘that heredity is a factor 
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causing cancer to occur in a specific site do not always find rates yeah 
with those reported by other pena: ie variations in frequencies fou 
i istical studies are understandable. | 
Pe eae comparable cancer and control probands is one difficulty that! 
investigators try to meet. The probands should not differ markedly for a 
condition that probably has an effect on cancer occurrence. Age and sex; 
distributions must be similar for the two groups. In breast cancer studies, i 
marital status and childbearing histories need to be similar. Both sets of. 
probands must belong to similar socioeconomic and, possibly, national 
groups. Clemmesen (1949) called attention to the possibility that a high 
rate of cancer among close relatives may be traceable to a common social! 
and economic background rather than to inheritance. eid : . 
Confirming of cancerous and healthy members of families is also a difficult 
but necessary task. In our studies, being made by Dudley Jackson, Sr., and 


J996 : 
Age at onset_35_ 

Age at first preg none 

Age of Mat P's birth 37 

Birth order 3rd 


breast breast breast :. 
onset 46yr. onset 48yr. 


FicureE 1. 


; 
Breast cancer family J996. Cancer of mother was not so reported on death 
certificate. 


} 
myself, indigent and private patients with breast cancer were at first chosen 


for comparison with patients having breast papilloma, benign breast dis- 
orders, and a noncancerous control group. Most of the indigent patients 
were unable to give usable family histories. Many could not tell the inter- 
viewer where to find their close relatives. The indigent group has been of 
little value to the studies. : 
Some persons, moreover, are reluctant to give information about cancer 
in their relatives. In some cases, individuals have feared that their families 
might suffer economically if it were revealed that they or their relatives 
were victims of cancer. , 
Occasionally office and hospital records are lost, making confirmation of 
cancers impossible. The death certificate does not always help; 
to show that a person had cancer before he died. 
mother of a breast cancer proband had had cancer, according to the doctor 
who operated (ricuRE 1). Her death certificate showed cause of death to 
be senility and-thrombosis. It is of interest to know that the physician 
who signed the death certificate is the same one who reported to us that the 
woman had a cancer. . 
. 


it may fail 
In one of our cases, the 


\ . 
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_ Breast cancer probands are not necessarily a common group, for more than 
one causal agent may be responsible for the development of cancers. This 
may explain the high frequency of cancer probands who have no relatives 
with breast cancer (TABLE 1). Among 312 breast cancer probands, we have 
found no evidence of cancerous relatives in 29.4 per cent of the families. 
The relatives include at least the parents’ siblings. In another 38.3 per cent 
of the probands, no history of breast cancer in relatives has been discovered, 
although the families have cancer at other sites. Only 32.3 per cent of the 
probands have positive breast cancer family histories. Six per cent have 
relatives with breast cancer, but with no other types of cancer. 

TaBLe 1 


PROPORTIONS OF BREAST CANCER AND CONTROL 
PROBANDS HAvING CANCER IN FAMILIES 


* Probands Percentage of histories 
Positive for 
Type Number Negative, 
no cancer 
Breast only | Breast and others | Nonbreast only 
‘Breast cancer....| 312 29.4 6.1 26.2 38.3 
meontrol......... 134 41.0 8.9 OFA Sd 


Control probands were taken from women who had consulted a physician 
for illness other than cancer. Among 134 of these probands, 41 per cent 
hhave no cancerous relative. Approximately 78 per cent have had no relative 
“with breast cancer. Therefore, only 22 per cent have positive breast cancer 
‘histories. About 9 per cent of the histories are positive for breast cancer 
only. 
_ Investigators using statistical methods for study of cancer rates have 
“recognized the complications concerning control groups. They have 
“attempted to meet the difficulties with extreme caution, knowing at the same 
time that someone will find fault with whatever control group is selected. 
The conclusions reached by most of the more recent investigators have been 
that mothers and sisters of breast cancer probands and the close relatives 
of stomach cancer probands face a greater hazard from cancer of the respec- 
“tive site than does the general population. The same conclusions have — 
been reached when the observed rate has been compared with that expected 
‘on the basis of mortality rates. 


Pedigree Studies 


Although both the statistical method and twin studies have their place 
in our attempt to decipher the genetics of cancer, something more is needed. 
Pedigrees of cancer probands should be collected, and new data should be 


. 
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added as they become available. Possibly the cancerous members of a 
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kinship will be found only in certain branches, just as some families have aa 
high frequency of affected members, whereas other families have very » | 
cancerous members. 

Warthin (1925) began an investigation of a family having several members 
with gastrointestinal and uterine cancer. Hauser and Weller (1936) reported: 
a further study of the family. Among 174 relatives 25 years of age or older, 
41 had 43 cancers. Twenty-six, or 14.9 per cent, had cancer of the gastro-- 
intestinal tract and 15, or 8.6 per cent, had uterine cancer. The concentra-. 
tion of particular types of cancer may have been the reason the family was 
first reported. However, this remained a cancer family with the same con- 
centration of types of cancer even after the follow-up study. Any bias tha 
may have existed originally can be ignored. : 

Hagy (1955) studied the family of a woman who had gastric complaints but 
no cancer. Ten of her 135 relatives had cancer, and 6 of these had stomach 
cancer. The frequency of 4.4 per cent is not very high. If only relatives | 
40 or more years old are considered, however, 18.8 per cent had stomach 1 
cancer. Hagy discovered that actually the 6 with stomach cancer were the} 
woman’s paternal relatives. Only 19 of these relatives reached the age of | 
40, and the 6 with stomach cancer represent 31.6 per cent of the group. We: 
find in this kinship that cancer of the stomach occurs in only one branch of 
the family. In contrast to these findings, Hagy (1954) found that only! 
1.2 per cent of the relatives of 86 stomach cancer probands were similarly ’ 
affected. 1 

Gardner and Stephens (1950) reported a kinship with 9 members having | 
breast cancer and 4 having benign breast conditions. The frequency was 
considered high in comparison with Utah population rates. The concen- 
tration was limited to 3 branches of the kinship, representing 3 of 8 siblings 
and their descendants. Similar ages of onset and clinical histories were 
reported. A resurvey 3 years later (Gardner, 1954), showed 1 new case of 
breast cancer and 2 new cases of benign breast disorder.) These affected mem- 
bers belong to the same branches in which cases were first reported. The 
concentration involves not only the site of the disease, but also the particulat 
branches of the kinship. . 
_ In another kinship (Woolf and Gardner, 1951), 8 cases of breast cancer 
have occurred in daughters and granddaughters of one woman who had 

developed breast cancer. Siblings of this woman have had as many descend- 


ants on the average as she herself has had, yet very few of these descendants 
have developed cancer. | 


The cancer families referred to represent only a portion of those reporte 
in the literature. Although concentration within a family does not prove 
that heredity is the causal agent, the cancer families put the burden on us 
to explain why some families have so many members with the same sit 
affected, and more particularly why only certain parts of the kinship have 
the affected members. The recording of a large number of histories of 
families having-cancer would lend itself to investigations of the pattern 
inheritance and possible environmental agents. Obviously, sporadic cases 
and families with only a small number of affected members cannot be ignored. 

; 
. 
; 
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_ A pedigree will be of little genetic help unless the information about the 
relatives is complete and accurate. Follow-up studies should be made, also, 
to add new cases as they occur. Probands cannot be depended on to supply 
all the necessary information about their relatives, since they generally lack 
complete knowledge. Sometimes a proband reports a relative, even a 
sibling, to be cancerous although hospital records show otherwise. A report 
that a relative is free of cancer should be confirmed. A maternal aunt of a 
proband, in the studies by Jackson and Oliver, was reported as normal by 
‘several relatives. She herself gave us the correct information: she had had 
a mastectomy, and the pathological record confirmed the report of breast 
cancer. She had told none of her sisters or nieces about the disease. This 
same kinship shows why it is necessary to communicate with relatives of 
the probands. Case J134 had adenocarcinoma of the right breast. She 
knew about three relatives who had cancer; none had breast cancer. Other 
contacts revealed that seven members of the kinship have had breast cancer, 
-and twelve have had cancers of other sites. A number of other members 
“have had skin cancer and benign breast disorders. 

_ Probands in our studies have been able to give more reliable information 
about their parents than about their siblings. The percentages of increased 
‘information gained after interviews with probands are given in TABLE 2. 


TABLE 2 
ADDITIONAL INFORMATION COLLECTED AFTER INTERVIEW WITH PROBAND 


Cancer cases reported 


Probands’ relatives 


By probands | Later | Percentage of increase 
Mothers 
Breastian< oe. 19 0 — 
Othersimeen eek 30 4 i325 
Sisters 
IBTEAS tien eters eer ais 5 22.0 
Othetien ss. +2 24 6 2520) 
Brothers. ..« 0... 24 11 46.0 
Hathersy. $4 cece. &. 28 4 14.3 


Nineteen mothers were reported by probands to have had breast cancer. 
Out checking with records and relatives has not changed that number. 
Probands reported that 30 of the mothers had had cancer at other sites. 
Four new cases were added, an increase of 13 per cent over the original 
number. Among sisters over 20 years of age, 5 breast cancer cases were 
added subsequent to interviews of probands, an increase of 22 per cent. 
For cancers at other sites the increase was 25 per cent. The increase for 
fathers was 14 per cent; for brothers, 46 per cent. As would be expected, 
_ the increase in information about more distant relatives was much higher: 
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126 per cent for relatives with breast cancer and 61 per cent for Te 
with cancer at other sites. 

Pedigree J42 has several cancerous members. The proband reported 
breast cancer in her mother and other cancers in her father, maternal uncle, 
and paternal grandmother. Subsequent cases in her relatives have increasg| 
the number of cancer cases to 9 (FIGURE 2). 

Proband J899 in the Oliver and Jackson cases has had cancer of the Pt 


J42 J999 
Age at onset.............64 r Age at onset. ..........63 ' 
Age at first preg..single Age at first preg... single 
Age of Mat P's birth. 25 Age of Mat P's birth. 34 
‘Birth order............. {st Birth order............ Sth 


: 
Ficure 2. Breast cancer family J42 in which siblings developed cancer subsequent to 
proband. 


a 


TABLE 3 
THE J899 Famity REecorD* 


Mother’s siblings Proband’s generation ; 
Mother d. 71 1. Dtr. d. 73 caB. 6. Dtr. 63 vag. cyst 
2. Dtr.d. 53 caU.v. 7. Prob. 60 caB.v. 
3. Son d. 69 8. Son d. 42 j 
4. Dtr.d. 63 caB.v. 9. Dtr. 57 : 
2. Dtry e695 10. Son 52 
Sister d. 83 Dtr., dtr., son. 
Sister d. 69 caS.v. Dtr., son 
Brother d. 80 Dtr. 
Brother 81 Son, son, dtr. bnB.v. 
Brother 78 caP.v. Dtr., dtr bnU.v. 
Brother d.73  caL.v. Dtr. bnB.v., dtr. bnU.v. j 
Brother d.43 cab. Dtr. H 
Brother d. 65 Son, son, son, son, dtr., caB.v. dtr. 


SaonnEEEEEEEEEREERREEREEEEREEennemmememmemmmemmmmmmmemmmmmemmeeeeeeee see eee ey 


*Symbols: b = brain, bn = benign, B = breast, 


ca = cancer, d=dead, Dtr. = 
daughter, L = 


lung, P = prostate, S = stomach, U = uterus, v = verified. 


1207 


breast and a basal cell cancer of the nose. Her kinship has several cancerous 
members. The information is shown in TABLE 3. Two of this proband’s 
sisters had breast cancer; 1 other had cancer of the uterus. The woman’s 
parents died free of cancer. Her mother had 2 sisters and 6 brothers, of 
whom 4 were cancerous (stomach, prostate, lung, and brain). Twenty 
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children—12 daughters and 8 sons—were produced by the 8 siblings of the 


J890 


Age at onset 60 
Age at first preg. 24 
Age of Mat P's birth 37 


J889 


Age at onset 25 
Age at first preg. 23 
Age of Mot P's birth 34 


a a @ i é ] Birth ord < 
475 422-24 420. div deealaared Nose Birth order 3rd 
> pithe! Cervix 
vulva J4i 
Age at onset 65 
L a Age at first preg 23 
a 448 Age of Mat P's birth 27 
intestine Birth order 4th 
70) 354 65 st |55 60] 963 
1 O70 @ on OO {0 O80 LhO OF O--L 
44 43514. 9445) breost 48 dél 465 skin} 4.61 brecst 
i stomach Adenocarc. 
Rectum 
a7 46 42 BieA isa faa = ji 
HOO0O UUU OU OU @LFO GOO UUOO UC '} Deu) GO OW a 
breast 
1S mo. 
@ 
Ficure 3. Cancer family J411 showing a variety of cancer types. 
J554 
Age at onset 66 
Age at first preg. 30 
Age of Mot P's birth 32. 
Birth order_| 
i i a Y) O 6 
484 4.75 4.88 
breast 
77 75 64 62 = 65] 4 31-Spinal Cord 
é Tumor 
i i @ im: G a a @ a @ 
breast carc. 
docst Pane bees Fibrosarc. Pelvic 
47 36 
noo n00 e008 ob DOUDUUU0OO0OO UUUD 
~ d64 breast breast 
uterus 
37 
i] =Qu7es 
JI89 


_ Ficure 4. Breast cancer family J554. Information was gained from another kinship 


through a common relative. 
f 


(er 


2) 
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mother. One of these daughters has had breast cancer, and 2 have hac 
benign breast disorders. ‘ 
Our filing system helps to add new cases in a kinship as they arise. Pro: 
band J411 had a record showing cancer of the cervix, stomach, and rectun 
in her siblings and mother. At a later time the proband’s sister J890 cam 
to the surgeon with her daughter, J889 (FIGURE 3). This sister had a benigr 
breast disorder, and the daughter had carcinoma of the breast. q 
Sometimes one must enter by the back door, so to speak, to get informa 
tion about a family. This was true for J554 (FIGURE 4). The proband’: 
daughter refused to let her mother give any familial data to the interviewer: 
nor would she allow us to go to her relatives. We did not contact the family, 
that being our practice when cooperation is refused. At a later time, how- 
ever, J766 helped in the study. A member of this family who had uterine 
cancer had married a nephew of J554. A daughter of the couple helped the 
interviewer to obtain information about both her mother’s and father: 
families. Surname cards connected J766 to J554. As a result, proband 
J554 is now reported as having a mother and three sisters with histories of 
breast cancer. The data were collected without breaking any confidence: 
with the daughter of J554. The family was studied as relatives of the male 
who married into J766. No person was asked to discuss his or her family 
because of a relationship to J554. ; 


Risks Faced by Relatives 


One question invariably asked is whether a female relative of a breast 
cancer patient faces a greater-than-average risk of developing cancer at that 
site. The majority of the more recent investigators who have made sta- 
tistical analyses of familial frequencies of breast cancer have concluded that 
mothers and sisters of the probands face an increased hazard. j 

Daughters of women with breast cancer are concerned about their risk. 
Information about the daughters of probands, after the generation has been 
completed, should give us the desired data. The probands will have been 
proven cancer cases, but the time needed for study will be long. Moreover, 
the probands in our studies whose average age of cancer onset was 53.2 years 
have been anything but fertile. Only 71 per cent of the probands have 
had any offspring. The average number per fertile proband is 2.6. There 
will not be many daughters for a follow-up. Cancerous aunts of the probands 
should have daughters of about the same age as the probands and th 
sisters, but confirmations of these relatives may be so incomplete that th 
data are not good. 

Mothers of probands can be used for the study, although the number @ 
these mothers with breast cancer will be small. Among 312 known mother: 
of our probands, 19 have had breast cancer; 34 have had cancer at othe 
sites; and 259 have had no cancer, except possibly skin cancer. Some of thi 
cancer-free group, about 20 per cent, died before the cancer age of thei 
respective daughters. Possibly some of them would have developed breas 
cancer had they lived longer. They are nevertheless carried as noncancerous 

Breast cancer frequencies in sisters of probands whose mothers had breas 


a 
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cancer or no cancer are shown in TABLE 4. Mothers with cancer at other 
sites are omitted. The 19 probands with breast cancer mothers had 41 
sisters who lived past the age of 20. Six of these sisters, or 14.6 per cent, 
Ihave also had breast cancer. The 259 probands whose mothers remained 
free of cancer, disregarding age of death, had 576 sisters age 20 or over. 
Sixteen of these sisters, or 2.8 per cent, have had breast cancer. The differ- 
lence is borderline with respect to significance; D/SE = 2.1. Under the 
‘ircumstances, however, one is justified in concluding that daughters of 
mothers having breast cancer face a higher-than-average risk of developing 
a similar cancer. The 19 cancerous mothers were all of one type. The other 
mothers may have included some with a tendency for breast cancer who 
ied at an early age and for that reason only are classified as cancer-free 


TABLE 4 
BREAST CANCER IN SISTERS OF PROBANDS Havinc MOTHERS WITH 
BREAST CANCER AND WITHOUT CANCER 


Mothers of probands* Sisters of probandst 
Breast cancer 
Type Number | Number 
Number| Percentage 
Breast CANCE... ters. cleus 19 41 6 14.6 
INGiGamcer.y... 2.7. oe ai Sea 259 576 16 2.8 
FOGANS cea ents ett area 278 617 22 


Mothers and sisters of breast cancer probands show in our cases a slightly 
higher rate of breast cancer than do the relatives of control probands. Con- 
ls were selected from patients under medical care having no history of 
mors. Interviewers who worked with cancer probands also took records 
m 80 control probands. Another source of interviewers added 54 control 
obands. The 80 probands have 3 mothers and 2 sisters with breast cancer. 
e other 54 control probands have no mothers with breast cancer histories, 
t 2 of these probands’ sisters have had breast cancer. The control pro- 
bands include approximately the same proportion of childless women as do 
‘the cancer probands. Fertile control women produced an average of 2.99 
‘progeny, and fertile cancer probands produced 2.6. Average age at inter- 
view for the control group was 50.0 years, for the cancer probands, 53.2 years. 
Comparisons of cancer frequencies in mothers and sisters of the 2 groups 
e shown in TABLE 5. Among 312 mothers of breast cancer patients, 6.1 
r cent have had cancers at that site. In contrast, 2.24 per cent of 134 
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TABLE 5 
CANCER IN MoTHERS OF BREAST CANCER AND CONTROL PROBANDS 


Probands Cancerous mother of probands 


Breast cancer Other sites 


Type Number 


Number| Percentage | Number| Percentage 


Cancers stale se 312 19 6.10 34 16. 
Controkccec set 134 3 2.24 8 6. 


I i 8 AF RO nineties ema 


mothers of control probands have had breast cancer. The difference is A | 
significant. If only the control group of 80 were considered, the difference: 
between that group and the cancer proband group would not be significant. . 
The observed frequency of breast cancer among mothers of breast cancer! 
probands, 6.1 per cent, is not high. That is not so surprising if one remem-- 
bers that only approximately 1 in 3 of the cancer probands have had any 
breast cancer relatives at all. This fact would not in any way vary the: 
relative frequencies for the mothers of the 2 sets of probands. The observed’ 
frequency of breast cancer among mothers of the cancer probands is lower 
than that shown by the work by Jacobsen, higher than that by Woolf, a 
approximately the same as that by Penrose et al., and by Smithers. T 
frequency in the control mother group is approximately the same as th 
shown by Woolf. } 
Breast cancer probands have had 696 sisters who lived to be 20 years of 
age or older. Among these sisters, 4 per cent have had breast cancer. 
the control group, 1.5 per cent of 261 sisters have had breast cancer. Infor 
mation about the sisters in the control group will be checked further before 
any definite conclusion is drawn. As the data now stand, the frequency i 


sisters of cancer probands is significantly higher than the frequency in t 
control group. 


Summary 


Studies of twins give strong evidence that cancer has an hereditary basi 
but that environment is also a factor that must be considered. Particularh 
when both of a pair of twins are affected, monozygotic twins have the sami 
site of cancer with a higher degree of concordance than do dizygotic twins. 

Statistical studies have shown that parents and siblings of both stomach 

and breast cancer probands have a higher rate of cancer in the same si 
as that of the affected proband than would be expected if the families fac 
the general population risk. Those same relatives have cancers at oth 
sites no more frequently than does the average comparable population. Th 
data support the conclusion that in some families there is an hereditary basi: 
for the occurrence of cancer at specific organs. 
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The study of pedigrees is essential for determining the pattern of inherit- 
ance. High concentrations of stomach or of breast cancer in families and 
in branches of families is evidence for inheritance of susceptibility to cancer 
of particular sites. Pedigrees can be used in the genetic studies only if con- 
firmations are secured for relatives of the probands who are reported as 
healthy as well as those reported as cancerous. Cancer frequency is increased 
considerably above that reported by probands if relatives are contacted. 
‘This is true for siblings more than for parents of probands, but it is especially 
so for more distant relatives. 

Not all probands have breast cancer members among their relatives. In 
68 per cent of our records the proband is the only breast cancer case in her 
kinship, including at least her aunts and cousins. 

_ Daughters of mothers with breast cancer have a higher than average breas- 
‘cancer rate. In a comparison of sisters of probands whose mothers had 
breast cancer with sisters whose mothers had had no cancer, the respective 
frequencies were 14.6 and 2.8 per cent. The difference is barely significant 
statistically, but some of the noncancerous mothers had died early in life 
and might have developed cancer had they lived longer. 

Mothers of breast cancer probands in our studies have had a higher rate 
of cancer of that site than have mothers of control probands. Sisters of 
‘controls need further checking before conclusions can be drawn concerning 
them, although the data now support the opinion that the sisters of cancer 
“probands face a higher than average risk. 
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_A GENETIC CONCEPT FOR THE ORIGIN OF MELANOMAS* 


By Myron Gordon 


Genetics Laboratory of the New York Zoological Society, 
American Museum of Natural History, New York, N.Y. 


_ The genetic concept for the origin of melanomas discussed in this paper 
has been developed from the same genetic principles that underlie our present 
knowledge and understanding of the dynamics of natural populations and 
the origins of species (Demerec, 1955). 

_ It has been shown repeatedly since 1931 that genetic influences are para- 
mount in the etiology of spontaneous melanomas in platyfish-swordtail 
hybrids. Several geneticists, working quite independently, have agreed 
that any one of five multiple alleles of the dominant sex-linked macro- 
melanophore gene of the platyfish, in combination with pigment-cell growth- 
‘modifying genes of related species, establish in a hybrid the physiological 
conditions that favor the development of melanoma. 

Five dominant alleles of the potentially injurious macromelanophore gene 
are maintained in the eight natural populations of the platyfish (Xiphophorus 
maculatus) in southeastern Mexico and northeastern Central America 
‘(picurE 1). Of the 9000 adult wild platyfish collected from eight rivers, 
/(Gordon and Gordon, 1957), 1879 had one or more macromelanophore pat- 
‘terns. However, not one wild platyfish of the 9000 examined had a visible 
pigment-cell abnormality. The macromelanophores are nevertheless poten- 
‘tially injurious cells since, in matings between spotted platyfish from different 
natural populations, a condition of melanosis develops from the atypical 
growth of pigment cells in the spotted intraspecific hybrids (FIGURES 2a and 
2b). In matings involving a normal macromelanophore-patterned platyfish 
‘and a normal swordtail (Xiphophorus helleri), the atypical pigment cell 
growth is further advanced so that a melanoma develops in the spotted 
‘interspecific hybrid (Gordon, 1951a), as shown in FIGURE 2c. 

_ It has been shown also that each of the eight natural river populations of 
‘the platyfish is genetically distinct, exhibiting differences in frequency of 
inherited macromelanophore and micromelanophore patterns. Data from 
‘genetic analyses of the hybrids between members of different river popu- 
ions indicate that modifying genes that influence the expression of macro- 
melanophore and micromelanophore patterns also differ in frequency in the 
‘various natural populations. Such differences suggest differences in the 
peeriencies of other genes. One of the most dramatic genetic differences 
found among some of the populations of the same species is the fact that 
“a ues . . . 

“Mexican platyfish have a chromosomal sex-determining mechanism in which 


‘the male is XY and the female XX, whereas the British Honduran platyfish 


‘males are YY and the females WY (FIGURES 3 and 4). All these genetic 
“a 


Be ; 
__ * The work reported in this paper was supported by Grant 297 from the National Cancer 
Tnstitute, Public Health Service, Bethesda, Md., and was aided by the laboratory facilities 
of the American Museum of Natural History. 
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differences may be taken as evidence of incipient speciation in the platyfish 
Nevertheless, Gordon and Gordon (1954) showed that the members of th 
various isolated platyfish river populations are essentially similar with regarc 
to size and body proportions, so much so that on morphologic criteria the} 
cannot be categorized as belonging to different subspecies. ; 
There is stronger evidence for active speciation in the platyfish in th 
divergent effects of the macromelanophore genes in the hybrid offspring ofi 
members of differing populations. When spotted individuals from different: 


RIO JAMAPA 

RIO PAPALOAPAN 
RIO COATZACOALCOS 

RIO TONALA 


RIO GRIJALVA 


RIO eens CInTAg 


Ficure 1. Part of Mexico, Guatemala, and British Honduras, showing the eight rive 
systems at which Xiphophorus maculatus were taken. The New River is located just sout 
of the Rio Hondo. Reproduced by permission of the Journal of Genetics (Gordon and 
Gordon, 1957). : 


rivers are bred together, the expression of the macromelanophore genes may 
be greatly altered. In some interracial hybrids the gene may lose all its 
visual effect. In others, on the other hand, the expressivity of the gen 
may be increased to such an extent that melanosis results (Gordon, 1951b). 
These reactions provide evidence that the frequencies of the macromelano- 
phore genes are influenced by the frequency of other genes. For example, 
in a population in which the gene complex is such that the presence of a 
certain macromelanophore pattern frequently results in melanosis, the fre- 
quency of that macromelanophore pattern would be expected to be zero, 
Differences in frequency of macromelanophore genes thus appear to reflect 


Ficure 2. (a) Male and female platyfish (Xipho phorus maculatus). The male, to the 
left, originated in a stock obtained from the Rio Coatzacoalcos. Note the spotted-dorsal 
"pattern, Sd. The female, to the right, originated in a stock from the Rio Jamapa. The 
- female has the striped-sided pattern, Sr (see ricuRE 1). (b) Third-generation platyfish 
" offspring of the original pair shown in 2a. Note the extreme extension of the spotted- 
dorsal pattern. Some degree of melanosis in these intraspecific hybrids is evident, for 
part of the dorsal fin has been destroyed. (c) Two platyfish-swordtail hybrids. On the 
left, an albino hybrid with the spotted-dorsal gene. Note that a small part of its dorsal 
fin has been destroyed, even though no black pigment cells are visible. On the right, 
a black-eyed platyfish-swordtail hybrid with a typical melanoma of the dorsal fin. Repro- 
~ duced by permission of Cancer Research (Gordon, 1951a). 
- 1215 
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differences in the gene complexes of the various populations as well as environ4 
mental differences. There appears to be a balance of genetic and environ-: 
mental forces that maintains the macromelanophore patterns in the ‘popu- 
lation, thereby securing their favorable effects, perhaps with relation t 

predators, and that inhibits the occurrence of melanosis. In interracial 
hybrids the balance of genes modifying pigment-cell growth is upset. These 
crosses reveal a degree of genetic isolation as well as the possibility that both 
the production of melanosis and the suppression of macromelanophore 
pattern may be regarded as reducing viability. This leads to the thougity 
that the macromelanophore mutation, when it first appeared in the wild 


Rio Jamapa _— Rio Papaloapan Rio Coatzacoalcos 


X X =Female O ; 
XY=Male O 


ONE PER CENT 7 
CROSSING OVER 


X5p/ X+ X/ X; X5p/ Y+ X:/Y + . 
— 


Xsy/ X+ X+/ Y> X+ J. X+ X:/Y5p 


xX Xp @ 


Ficure 3. Diagram showing the unequal distribution of macromelanophore patterns 
between the sexes in the offspring of crosses between platyfish from populations with the 
XY-XX type of sex-determining mechanism. The Rfo Jamapa, Rio Papaloapan, Rio 


Coatzacoalcos, and Rio Grijalva populations have this type of sex determination. a 
duced by permission of the Journal of Genetics (Gordon and Gordon, 1957). 


platyfish, was probably harmful and upset the organism’s established genetic 
balance; this, in turn, upset the biochemical processes involving pigment-cell 
growth. : 
It is probable that, prior to the macromelanophore mutation’s successful 
establishment in the wild platyfish populations, other mutations that wer 
to serve, in part, as modifiers and controllers of the growth and differentiatio 
of macromelanophores must have accumulated first. Then, when th 
macromelanophore mutant reoccurred, these modifiers neutralized its letha 
effects. In other words, the platyfish had to be made ready geneticall 
before ‘‘accepting” the macromelanophore mutation, and this was accom: 
plished by the platyfish by first accumulating macromelanophore-controllin: 
modifying genes. When these prior genetic adjustments were incorporated 
in the genetic structure of the population, the platyfish accepted macro- 
melanophore patterns, and this permitted it to develop into the polymorphic 
species it is. Much later, however, when a genetically balanced spotted 
platyfish from one river was mated in the laboratory aquarium with a 


| 
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normal member from another river, the new recombination of genetic modi- 
fiers of macromelanophore growth was not necessarily in balance in the 
Spotted hybrids; in these individuals the large pigment cells grew atypically 
(e1cureEs 2a and 2b). 

The severity of atypical pigment-cell growth in hybrids between members 
of two geographically distinct platyfish populations was found to be not as 
great as in the interspecific hybrid fishes (F1GURE 2c). Gordon (1949, 1950) 
‘suggested that this may be so because the polygenic modifiers of macro- 
melanophore growth in members of isolated populations of the same species 
are not as divergent in their effects as those that occur in the members of 
close but distinct species. 


Belize River 
AND DOMESTICATED STOCKS 


WY =Female O 
YY=Male O 


CROSS-OVER TYPE 


Wsp/Y+ Y¥+/Y¥+ 


W5p/Y+ Y+/Y+ 


__ Ficure 4. Diagram showing the unequal distribution of macromelanophore patterns 
~ between the sexes in the offspring of crosses between platyfish from populations with the 
| WY-YY type of sex-determining mechanism. The Belize River population has this type 
of sex determination, as do the populations in the Rio Hondo and the New River, just 
~ to the north of the Belize River (see FIGURE 1). Reproduced by permission of the Journal 
~ of Genetics (Gordon and Gordon, 1957). 


“A Hybridization studies in mice representing different domesticated, inbred 
_ populations have shown a comparable reaction. Cloudman and Little (1936) 
~ indicated that sarcoma of the uterus was not found either in members of the 
_ dba or the short-tailed strains of Mus musculus, but when representative 
~ members of each strain were crossed, sarcoma of the uterus was found in a 
_ significant number of the first-generation hybrids. Later, Little (1939) 
_ showed that when a member of Mus bactrianus, a small, slow-maturing, 
" relatively infertile species with no record of nonepithelial tumors, was 
Pmated with a member of the JAX C 57 Mus musculus, a large, rapidly 
- maturing, fertile species susceptible to tumors, the incidence for both epi- 
thelial and nonepithelial tumors in their first-generation hybrids increased. 
Heston (1950), in a discussion of parallels in fish and mouse cancer genetics, 


revealed that in his experimental colony ten mice with tumors of the Har- 
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derian gland had been found, and that all ten were hybrids from a specific » 
cross between members of the C3H and C57 black strains. While the 
Harderian gland tumor is rare, its occurrence in these specific hybrids and 
not in either parental strain or any of the other strains of the colony is note- - 
worthy. Andervont (1941) showed that the status of complete resistance 
of parents to sarcoma 37, each parent representing a divergent strain, gives} 
no assurances of the degree of resistance of their hybrids; in one experiment ! 
87 per cent of the F, were susceptible. Tumor growths in plant hybrids; 
also may be explained in terms of genic imbalances. : 
In xiphophorin fishes, the evidence is convincing that specific genes, , 
through their interactions, are the primary initiators of the spontaneous { 
development of melanomas. This evidence is strengthened by other genetic | 
experiments that showed that the site of the body in which the melanoma 
will develop in the hybrid may be predicted. If a normal platyfish carrying 
the macromelanophore allele Sd (for a spotted dorsal fin) is mated with a 
swordtail, the platyfish-swordtail hybrid develops a melanoma of the dorsal 
fin. If a normal platyfish carrying the Sd allele (for spotted belly) is used 
in a similar mating, the platyfish-swordtail hybrid develops a melanoma 
along the mid-ventral surface of its body. If the N allele (or, under some — 
conditions, the Sr allele) is inherited by the hybrid, it develops a melanoma | 
of the flanks. If the Sp allele is present in the hybrid, the melanoma develops 
anywhere on the body. ; 
Not only is the site of the development of a melanoma predictable in 
many instances on the basis of genetic principles, but so is the degree of the 
melanoma’s pigmentation and its degree of malignancy. Breider (1938) 
and Gordon (1948) have shown independently that when the albino swordtail 
(one carrying the recessive gene for albinism, a) is used as one of the parents, 
and a macromelanophore-gene carrying platyfish is the other parent, the Fy 
hybrids are melanotic. When these F; melanomatous hybrids (now hetero- 
zygous for albinism, Aa) are backcrossed to an albino swordtail (aa), some 
of their backcross (aa) hybrids develop amelanotic melanomas. Greenberg. 
et al. (1956) studied the cytochemical and cytological differences between 
the melanotic and amelanotic melanocytes obtained from tissue cultures of 
both types of melanomas. They found that the albino gene, a, inhibited 
the synthesis of pigment beyond the stage in which the 5,6 dihydroxyindole} 
compound is formed. In melanotic melanocytes carrying the dominant 
allele A, the oxidation of this compound continues to the quinone state, but 
in amelanotic melanocytes this step was inhibited. This phenomenon was 
correlated with cytological studies that revealed that the amelanotic melano- 
cytes had more of the chief characteristics of neoplastic cell growth; they 
had fewer dendritic processes and less defined shapes. The amelanotic. 
melanocytes were less able to differentiate into macromelanophores and thus" 
to reach maturity. Amelanotic melanocytes grew more readily in tissue 
cultures and had a greater incidence of nuclear aberrations, such as hyper- 
chromatism, giant and bizarrely shaped nuclei, and larger and more multiple 
nucleoli. Thus, genetic studies correlated with cytochemical analyses" 
indicated that melanin cannot be considered an important factor in melanoma 


. 
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formation. Actually, the absence of melanin in melanomas is an indication 
of greater malignancy and indicative of a tumor cell population that con- 
sists mostly of melanocytes, which are now regarded as incompletely differ- 
entiated cells. 

More recent correlative studies utilizing micrurgical and high-speed 

‘centrifugation techniques by Greenberg ef al. (1958) indicated that the 
amelanotic melanoma cells had a relatively lower viscosity; their granular 
inclusions were finer and less numerous than in the melanotic melanocyte. 
‘Upon centrifugation, the amelanotic cells stratified more readily. Micrur- 
gical manipulations by microneedles indicated that the cell membranes of 
amelanotic melanocytes were more friable, offered less resistance to the 
penetration of the needles, and had less dense cytoplasmic consistencies. 
These additional peculiarities of amelanotic melanocytes also may be 
‘attributed to the pleiotropic action of the albino gene interacting with an 
appropriate constellation of other genes, the principal one being the sex- 
linked gene for the presence of macromelanophores. 

Humm and Young (1955) have demonstrated experimentally that the 
_pro-pigment cells or melanoblasts originate in the neural tube of platyfish- 
~ swordtail hybrid embryos prior to stage 22. After the melanoblasts migrate 
to definitive areas of the body, they develop dendritic processes and the 
"capacity to synthesize melanin; in their second stage of differentiation these 
same pigment-forming cells are called melanocytes. In terminal sites in 
~ dermal tissues the melanocytes, which are 10 to 100 u in size, become sessile, 
~ round up, increase in size, and eventually differentiate into true melanophores 
- (Marcus and Gordon, 1954; Ermin and Gordon, 1955). Melanophores, 
- being at their terminal stage of differentiation, become pigment-effector cells 
measuring 100 to 470 yw (FIGURE 5). Eventually, melanophores become 
senile and degenerate; their cellular debris is phagocytosed by true macro- 
_ phages and eliminated (Gordon and Lansing, 1943). 

- Observations from sites of transplantations (that is, from blastemas follow- 
ing amputation of melanomas) indicate that melanophores are normally 
_ replenished by proliferating and differentiating melanocytes. However, in 
- the life history of genetically susceptible organisms, neoplastic melanocytes 
apparently do not differentiate into melanophores. As incompletely differ- 
- entiated cells, the neoplastic melanocyte’s life span and proliferative capac- 
- ities are radically extended (Gordon, 1957). 
From Chavin’s work (1958) it would appear that the adrenocorticotropic 
~ hormone has the special property. of melanogenesis. ACTH, then, may be 
' responsible for the stimulus that normally enables melanocytes to differen- 
- tiate into melanophores, thus producing the effect called melanogenesis. If 
this can be substantiated, then the genic imbalance in melanoprone indi- 
_ viduals may be attributed in part to a genetically controlled inability of some 
- individuals to produce an available supply of ACTH that would stimulate 
the melanocytes to transform into completely mature and differentiated 


pigment cells. cies Gres 
Tn this area of research the xiphophorin fishes have a distinct biological 
advantage as experimental animals because they have a specific, sex-linked 
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FicuRE 5. (a) Living macromelanophore in a tissue culture medium. Reproduced by 
permission of Cancer Research (Grand et al., 1941). (b) Section through a melanotic 
melanoma of a platyfish-swordtail hybrid showing a “sarcomatous” arrangement of 
melanocytes. Feulgen stain; X1200 (Gordon and Smith, 1938). 
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gene that determines the presence of a specific type of cell, a pigmented one 
whose growth pattern may be studied in a variety of genotypes. The growth 
‘of the macromelanophores may be modified genetically. The pigment cells 
may be induced to grow atypically and produce melanomas in response to 
the genetic imbalance created by a system of matings between members 
representing different natural populations or members representing different 
species. The critical physiological processes involved in the etiology of 
‘melanoma cells, which are under strict genetic control, are probably those 
that block the differentiation of melanocytes to their final maturation. At 
any rate, that is our present working hypothesis. It is now being tested 
experimentally. 
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THE GENETIC BASIS OF ORGANIC FORM 


By Edmund W. Sinnott 


Yale University, New Haven, Conn. 


The problem of organic form is fundamental in biology. Form is a dis- 


_ tinctive feature of all living things. It provides most of the characters that - 
make possible the recognition and classification of organisms, and it enables 


us to trace the course of evolution. Darwin well remarks in On the Origin 
of Species by Means of Natural Selection that ‘“‘morphology is the very 
soul of natural history.” 

The problem of form, however, is pre-eminent, not only because of its 
bearing on problems of taxonomy and phylogeny, but for a still more impor- 


_tant reason. Form results from a precise correlation of growth processes and 
is the visible manifestation of that coordinating and integrating quality in 


organisms commonly known as biological organization. Morphology, not 
merely descriptive or comparative, but dynamic and developmental, must 
be the concern of all biologists. It is obviously of great significance for the 


_ problem of cancer, since cancer is a relaxation of the orderly control of devel- 


opment by which form is produced. 

To account for the origin of organic form, and thus for biological organiza- 
tion, is obviously a problem of the greatest difficulty. Biochemical analysis 
of many metabolic activities has made great progress in recent years but, 
in comparison with these, our understanding of morphogenetic mechanisms 
is still very limited. Although Roux’s Archiv now fills sixteen feet of library 


shelf, we know little more about the basic processes of morphogenesis than 


did Darwin or Mendel. In some quarters there is a disposition to avoid 


these problems as so hopelessly difficult that they cannot be approached until 
biochemical knowledge is much more complete. One can understand this 
attitude, but it is certainly important for all biologists to remember that the 
problem of organized and self-regulated development, most conspicuous in 


2, organic form, still stands at the very center of the life sciences. 


That aspect of the form problem that involves its inheritance has been 
given relatively little attention. Most geneticists have been occupied with 
the more immediate questions of the physical basis of heredity, the nature 


of the gene, and the biochemistry of gene action. In many cases, to be sure, 


some genetic analysis of form thas been made. Many of the characters 
studied in Drosophila are morphologic ones. Among plants, Hutchinson 
(1934) and Silow (1939) have worked on the inheritance of leaf shape in 
cotton, Frets (1955) on seed shape in beans, Lindstrom (1928) on fruit shape 
in tomato, and Anderson (1939) on corolla form in tobacco. Many more 


could be cited. In some cases linkage relationships between genes for shape 


and genes for other characteristics have been found (Lindstrom). In most 

of these studies, however, relatively little attention has been given to the 

question of how form is genetically determined and the mode of action of 

the genes involved. My purpose in this paper is to bring together some 
1223 
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results from a study of this problem as it is exemplified in one family of | 
plants, and to discuss their bearing on the problem of gene action. 4 . 
Fruits of several species of the Cucurbitaceae, notably Cucurbita pepo and | 
Lagenaria siceraria, provide favorable material for such a study. In both; 
species there is a wide range of shape types, and it is possible to develop pure ! 
races for any particular type. The fruits are large and measurements can 
be made during almost the whole course of their development. At maturity 
most become firm enough to be preserved indefinitely for study. The plants 
are monoecious and usually cross pollinated in nature, so that it is necessary 
to inbreed them for several generations before beginning experimental work, 
Evidence will here be presented for the conclusion that, at least in this 
material, genes are present that control form directly and not through their 
effects on individual dimensions. This evidence comes from several sources 
in experiments with C. pepo (Sinnott, 1935): 
(1) Many fruit-shape differences show typical Mendelian inheritance. If 
a flattish type—disk or ‘‘patty-pan’’—is crossed with one of the isodiametric | 
or spherical lines, disk shape is completely dominant in Fj, and the F2 shows 
three fourths disk and one fourth sphere, indicating a single gene difference 
between the two. : 
In a somewhat more complex case the same sphere as before was crossed 
with another approximately isodiametric race. The F; from this cross has _ 
a disk shape. When this is selfed, the F2 segregates into nine sixteenths disk, 
six sixteenths isodiametric, and one sixteenth that has fruits considerably 
longer than wide. In this case the parental types evidently differ by two 
genes that are complementary in their effects, the double dominant pro-— 
ducing a disk and the double recessive an elongate shape. This suggests 
that there are two flattening genes that are cumulative in their effect, both 
together producing extreme flattening, either one alone producing much 
less and, in the absence of both, no flattening at all. The correctness of 
this conclusion was proved by the results of various test crosses. : 
Other cases are more complex and evidently involve many genes. Some 
of these tend to flatten the fruit, others tend to inhibit flattening or to pro- 
duce an elongate shape, and others tend to modify the pattern in various © 
ways, as by the production of teeth, lobes, ridges, or necks (Sinnott, 1930). — 
(2) The shape of the fruit is inherited independently of its size. In a 
certain disk-sphere cross between which there is a single gene difference, the © 
parental disk race was considerably larger than the sphere (1305 gm. as : 
compared with 703 gm.). The Fi, having the dominant disk shape, was | 
approximately the geometric mean between the two parental races in weight. { 
In the F, the average weight of both disks and spheres was the same and _ 
approximately that of the F, (ficurE 1). This suggests that fruit size 
is inherited in a typical polygenic fashion, but that there is segregating — 
here a single gene that controls shape but is quite independent of size in — 
its inheritance. The same result was found in more complex cases of shape 
inheritance. 
(3) An analysis of dimensional inheritance supports this hypothesis. The 
F, segregation for shape index (ratio of length to width) is sharp and com- 
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Parent SPHERE Parent Disk 
TidoctiGem 10d ame 71x18.6em, 1305 en. 


bgt SPHERE a5 Dist 
13.7 x 12.7en. 1026an. 68x 168m. 1036 an. 
Bs Ficure 1. Independence of shape and size. Above, parental types, with mean weights 
~ and dimensions of sphere and disk parents. The F, was disk and about the geometric 


- ~ mean in weight between the two parent types. In F», below, the spheres and disks segre- 
- gate sharply as to shape, but the mean sizes are essentially equal and like that of the F1. 


SHAPE 


LENGTH 


WIDTH 


__ FIGURE 2. Segregation of shape index, length, and width in Fe of the cross between 
disk and sphere shown in FicuRE 1. 

plete. That for length shows a bimodal curve, and that for width an essen- 
tially smooth one (FIGURE 2). This might be interpreted as the result of 
a single gene determining length, and of many determining width. The far 
sharper segregation for shape index, however, indicates that this is the trait 
that is under direct genetic control, and that a given dimension results from a 
particular shape superposed on a particular inherited size. ; 
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(4) In more complex F2 segregations the relationships between the dimen-_ 
sions are what they would be if genes controlled shape indices and not the 
dimensions themselves. In crosses where the parental types differ in both 
shape and size of their fruits there are some size differences in the parental 
races and the F; because of environmental factors. Since shape is constant 
in these types, length shows a close positive correlation with width. In 
each of twelve segregating F2 populations, however, length and width are 
negatively correlated (TABLE 1). This is to be expected, for if there is a 
certain amount of material available for the growth of a given fruit, as the 
result of its genotype for size, and if genes that govern the distribution of 
this material are independent of size, then the longer a fruit is, the narrower 
it will be, and vice versa. 

TaBLeE 1 
COEFFICIENTS OF CORRELATION BETWEEN LENGTH AND WipTH OF Fruit IN Six 


REPRESENTATIVE LINES AND IN THE F, AND Fz, PROGENIES OF FIFTEEN 
Crosses BETWEEN LinEs DIFFERING IN Fruit SHAPE 


Tine No. of Correlation Line No. of Correlation I 
individuals coefficient individuals coefficient 1 
103 156 +.57 + .04 83 +.55 + .05 
125 84 +.73 + .05 136 +.56 + .06 : 
391 193 + 54+ .05 105 +.91 + .01 } 
F, 
1-21 72 +.48 + .10 220 —.44+ .06 } 
2-21 39 +.52 + .12 231 —.37 + .06 
1-22 32 +41 + .15 392 —.32 + .05 : 
3-22 118 +.62 + .05 430 —.41 + .04 
4-22 93 +.61 + .07 200 —.71 + .04 : 
6-22 23 Be Le ee 1 236 —.12 + 06 
7-22 55 +.39 + .12 239 —.45 + .05 \ 
8-22 90 +.26 + .10 535 —.33 + .04 
9-22 42 +.13 + .15 303 —.19 + .05 
3-23 14 +.58+ .18 290 —.40 + .05 
17-23 30 +.53 + .13 275 —.47 + .05 
19-23 14 +.30 + .24 364 —.43 + .05 
20-23 32 +.32 + .16 273 —.36+. 
23-23 32 +.59 + .12 135 —.22 4). 
25-23 16 +.79 + 12 302 —.30+. 


(S) The variability of length and of width is abou 


types and the F; generations, but length in the F. isa 
width (TABLE 2), 


symmetrical, and 


t the same in the pure 
bout éwice as variable as 

This follows from our hypothesis, since fruits are radially 
width thus enters twice into the determination of volume 


(wl), while length enters only once. A given change in width will therefore 
produce a change twice as great in leng 
of size. 


(6) These shape differences are far more complex than can be represented 
by the ratio of length to width or between any two dimensions. 


th if genes control shape independently 
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TABLE 2 
COEFFICIENTS OF VARIATION FOR Fruit LENGTH AND Fruit WipTH IN SIx 
REPRESENTATIVE LINES AND IN THE F,; AND F2 PROGENIES OF FIFTEEN 
Crosses BETWEEN LINES DIFFERING IN FRUIT SHAPE 


Ber ine No. of C.V voi C.V. of Li No. of C.V. of C.V. of 
ind. length width ne ind. length width 
103 156 | 12.4+0.7| 10.0+0.6] 438 83: | 20.3 + 1.6 | 20.0 + 1.6 
125 84 S200 e007 Wr 8a. O17, cS 136 | 14.6+0.9 | 12.9+0.8 
391 POGH boys Olnf LS) 22 0.9 M LOS Geordie Zale US ule 2 
Fy F, 
1-21 G2 NAS- Ouetet 11 |: 1452) 4= 1.2 1722 |°+220 |) 35.250 Lal NE 1656 42,058 
2-21 SOM as Oe tet 12a eee A 2222 2310 eos sea IS) Las ce On 
1-22 OZ ll nde Ue A= 8.8) se dt PII) SVN eH) ee ih P| aly Ores (Oke 
p22), 118 13.54 0.8 | 11.4+0.8) 3-23 | 430 | '36.0+ 1.2 | 19.7 + 0.7 
4-22 93 | 12.3+40.9| 10.6408] 423 | 200 | 44.44 2.2 | 24.6+1.2 
6-22 23 6.0002 | 14°55 42.2.1" 16-23! 236 | 3450 + 1-6) 15, 8.4 0:7 
7-22 55 Bere Wes (1061s 1.0 Ne 7-23.) <230) -1|-36.8. 17.) Toss Es 
8-22 90 See OF On. 6. s1On5) | S-250|, S35, 931). 9-E 120) 1429 Se 0FS 
9-22 42 (aeRO On ie eC Sule 9-25) 9505 = d4,, Orta dieA sig 152 8) 10/50 
'3-23 14 |) ite4 2.1) 6:0 41.1 3-24 | 290 | 34.94+1.5| 16.6+0.7 
17-23 30 OnOeOLOd | Wiese OLS Ne ty-24.1) 2759 | 312,45 135) 18.5) 088 
ee 19-23 14 7,841.5} 8.2 41.6] 19-24) 364 | 35.141.3 |18.6+9.7 
_ 20-23 2 Beas Meter O75 + 152 4, 20-24") 273. | 34.3 2° £-S') 1618 £09 
me 23-23 32 ORSr ae? accel eOu2o-24.4) 135—e4|29 05 1683/4 Ore 029 
25-23 TG ete OOO = 1S 125-24} = 302 3725s 15 | 19 40.8 


has a special pattern of fruit shape of itsown. This may involve an elongate 
_ neck, as in the spoon gourd; a transverse constriction, as in the bottle gourd; 
"or equatorial teeth of various sizes, as in the patty-pan or the crown. These 
) specific patterns tend to reappear in segregating populations as though 
inherited as wholes. The pattern seems to be an organized entity, each 
part of which is related to the rest, as in the organic forms inscribed in 
- rectangular coordinates by D’Arcy Thompson. 

__ These various lines of evidence point to the conclusion that in this material 
- there are genes that directly determine form and do not operate by con- 
" trolling individual and independently inherited dimensions. If the latter 
were the case the facts here presented would be much more difficult to 
explain. The specific patterns would tend to disintegrate. There would 
be far more combinations of maximum length with maximum width and 
thus a greater range of fruit size than is actually found. A number of 
_ workers, however, have postulated independent dimensional control, notably 
~ Anderson (1939) in Nicotiana corollas and both Frets (1955) and Malinowski 
(1921) in bean seed shape. It has also been suggested that linkage between 
: dimensional genes may determine shape. The data presented to support 
- these conclusions could be explained more simply, in my opinion, on the 
assumption that there are genes controlling shape directly. 

In the cases of fruit shape inheritance just discussed, it is the character 
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of the mature fruit that has been analyzed. The shape genotype evidently © 
must control the entire process of fruit development, however. A study of 
this process provides important information about shape determination. — 

In most races of C. pepo the shape of the mature fruit differs but little » 
from that of the early ovary primordium. In other genera, and especially 
the more extreme gourd shapes in Lagenaria and Trichosanthes, however, 
shape changes markedly as the fruit develops. In some, length grows faster — 
than width, and the fruit becomes relatively more elongate; in others, the 
reverse is true. In every such case examined, the relative rate is constant, 
so that if length and width of the enlarging fruit are plotted on a double 
logarithmic grid, the points fall along a straight line and the allometric 
constants for level and slope can be determined (Sinnott, 1936). In FIGURE 3 
are shown the allometric lines for length and width in a number of types. 


1000 


Length (mm) 


3 


70 
Width imm) 


Ficure 3. Length and width, plotted logarithmically, in growing fruits of several 


cucurbit races, showing differences in relative growth of the dimensions. 1 
‘ 


_ Within the same species, races may differ markedly in the slope of this, 
line and thus in the value of the constant k. The zucca race grows con-) 
siderably faster in length than in width (approximately 1.3), but the bottle 
variety grows more slowly (approximately 0.8). If the two are crossed, the 
slope of the line in the F, is much like that in the zucca parent, but in the 
F, there are two groups of plants: those with lines like the zucca (more 
numerous) and a smaller number like the bottle (FIGURE 4). This suggests” 
a single-gene segregation, and indicates that the allometric constant k is” 
the character that is segregating. 7 
It is evident that in cases such as this, where the relative growth constant. 
is greater or less than 1, the shape of the fruit at maturity will be affected by 
the size to which it grows. Fruits of plants with the same genotype for 
shape (relative growth) but a different one for size will not have the same 
fruit shape at maturity. In the F» of the cross just described there was no 
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_ sharp shape segregation at maturity, since this was masked by segregation 
_ for size. Only when the relative growth constants for each plant were deter- 
“mined could a genetic analysis for shape be made. 
It should be remembered, of course, that it is not only the relation of 
‘length to maximum width that shows allometric constancy, but all the other 
_ ratios of the pattern as well. In the bottle gourds, for example, the ratio 
_ between fruit length, on the one hand, and the width of the upper lobe, the 
width of the constriction, and the width of the lower lobe, on the other, all — 
show allometric growth, but with slightly different constants. In other 
words, the entire pattern of the developing fruit is constantly changing. 
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_ Freure 4. Relative-growth lines for length and width in F2 of a cross between the 
_ zucca and bottle in FIGURE 3, showing segregation in slope of line, constant k. 


_ What histological changes, one may ask, are associated with these different 
dimensional growth rates? Are they concerned with differences in the plane 
_ of cell division, direction of cell expansion, or other factors? 

_. As in most plant structures, the form of the organ here is not related to 
© the form of its cells. In both the elongate and the flat types the cells of the 
- fundamental tissue are essentially isodiametric. The planes in which the 


cells divide, however, are different in the two. In young ovaries of a number 
of shape types, whenever cells were found in mitosis, measurements were 
_ made of the angle between the axis of the mitotic figure and the axis of the 
ovary (FIGURE 5). In elongate types there was a preponderance of low 
angles, indicating divisions at right angles to the ovary axis, and thus greater 
_- growth in length. In types where length and width grow equally, angles 
- were divided nearly equally between 0° and 90°, showing that the cells were 
dividing in all planes. Where the angles were grouped according to the 
_ stage of mitosis, grouping was sharper at telophase than at anaphase, and 
- sharper at anaphase than at metaphase, indicating that the mitotic figure 
changes its orientation somewhat before settling down to its final position 
_ just prior to wall formation (r1cuRE 6). In vacuolate plant cells, the position 
of the future division wall is occupied by a cytoplasmic diaphragm, suggesting 
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that the plane of division, and thus ultimately the direction of growth, is 
determined early in the cytoplasmic body and not by the orientation of the © 
mitotic figures. This is further shown by the fact that during prophase the 
mother cell elongates slightly at right angles to the plane of future division 
(as can be shown where almost all the divisions are in one plane, as in Tricho- 
santhes), as though the relative directions of growth were determined in the — 


organized structure as a whole rather than in the individual cells. 


LINE 391 
LENGTH AND WIOTH GROW EQUALLY 


LINE Cc 
LENGTH GROWS FASTER THAN WIOTH 


Ficure 5. Distribution of angles between the axis of mitotic figures and the longitudinal - 
axis of ovary primordium (above) in a race where length and width grow almost equally 
and (below) in one where length grows considerably faster than width. 


The evidence here presented warrants several general conclusions: = 
(1) In the material studied, which is presumably typical of plant forms 
generally, genes are acting to control fruit shape. | 
(2) These genes govern an entire specific pattern, an organic gestalt, and : 
not the individual dimensions by which it may be described. } 
(3) This pattern becomes manifest, not simply in the mature fruit, but in © 
its developmental history. What is controlled, and what segregates in 
inheritance, is a series of relative growth rates. : 
(4) The control of the specific directions that growth takes inheres in the . 

; 

i 


entire living system and seems not to be the summation of processes 
determined by events in individual cells. 

If these conclusions are correct, there remains the problem of determining — 
the actual mode of action of these ‘‘shape” genes. We know little enough — 
about gene action in general, and the processes these particular genes control — 
seem more difficult to get at than those of biochemical synthesis that have — 
claimed most of the attention of the students of the genetics of development. 
The action of shape genes is well worth attention, however, for these are 
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- concerned with the basic problem of organization itself. Something must 
_ coordinate the relationships between genes during development—not only 
- genes for shape, but all others. If there are 30,000 in a fertilized egg, and 
each mediates the production of a specific substance, obviously something 
-more than independent gene action is needed if a normal organism is to be 
formed. Developmental processes are so correlated that an orderly series 
- of embryonic steps, not chaos, results. 
_ Nothing more can be offered here than a few tentative suggestions as to — 
_ how these shape genes act. 
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Ficure 6. Distribution of angles between the axis of mitotic figures and the longitudinal 
axis of ovary primordium, in metaphase, anaphase, and telophase in Trichosanthes, a form 
where length grows much faster than width (k = 2.2). The figure does not assume its 
final orientation until late in mitosis. 


(1) Shape genes may produce specific substances that modify the organized 
system of morphogenetic potencies in particular ways. If we imagine such 
a system to be analogous to a series of three-dimensional coordinates within 

which the shape of the fruit, in its various developmental steps, is inscribed, 
a chemical change might be expected to modify the system as a whole by 

changing the relationships of the coordinates (FIGURE 7) in such a way as 
_D’Arcy Thompson has illustrated so vividly. It would be most unlikely 
that a gene-produced substance would change one part of a coordinated 
system without affecting, to some degree, all the rest by a simple sort of 
_ pleiotropy. This organized morphogenetic system must still be regarded, 
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on such a conception, as something given and still to be explained, a part | 
of the larger problem of biological organization. ‘| 
(2) More specifically, this morphogenetic system may be present in the ; 
cytoplasm and have its basis there in macromolecular patterns, as Schmitt» 
(1956) and others have suggested; in specific topological relationships, as. 
Rashevsky (1954) postulates; or in a series of diffusion reactions, such as- 
Turing (1952) believes are operative. Any of these could be modified by | 
gene-produced substances. qj 
(3) It has been suggested by Goldschmidt (1938) and others that genes — 
primarily control rates of physiological processes. For shape genes we may ~ 
carry this idea considerably farther and assume that they control, not the 


ARES 


Niel tele lg 
a lta a 


Bee 
NENA 
PN UTE | 


Ficure 7. Forms of various fruit-shape types inscribed in rectangular coordinates, - 
derived by transformation of the isodiametric type at the upper left. 


4 
H 
absolute rates of these processes, but their relative rates—relative not only 
as to time but as to space. On such a conception a shape gene might be | 
regarded, so to speak, as a unitary element of the organized developmental i 
process. Those rate relationships compatible with one another would — 
together constitute the organized pattern. Incompatibilities would be lethal. 
Perhaps the concept of genetic homeostasis proposed by Dobzhansky and 
Wallace (1953) and by Lerner (1954) might be extended to include this sort of 
regulation. 

Whatever the basis of the action of genes for shape, it must involve control 
of relationships and not simply of individual rates or substances. The 
mechanisms by which these developmental relationships are determined, and 
the organic patterns thus produced, are by no means clear. Some biologists 
have been intrigued by the possibility of deriving the characters of the organ- 
ism directly from those of the specific protein molecules that distinguish it. 
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There are evidently serious difficulties in understanding the way in which 
relationships among the constituents of a molecule can be translated into 
_ those among the constituents of an organism, although it has sometimes 
_ been suggested that the organism should actually be regarded as a sort of 
macromolecule. 
_ The problem of biological organization is obviously involved in all this. 
_ If the essential quality of life is reproduction, a statement often made today, 
_ this seems not to be simply the continued duplication of specific nucleopro- — 
teins, the genes, but that wider sort of reproduction of an organized system 
_ through the action of these genes, such as is evident in embryonic develop- 
ment and differentiation, in regeneration, and in the various processes of 
self-regulation. The simplest manifestation of such a system, and the one 
that may turn out to be most readily accessible to investigation, is organic 
~ form. 
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GENETICS OF HOMEOSTASIS AND OF SENILITY 


i nlite A. Site wren 


By Theodosius Dobzhansky 
Department of Zoology, Columbia University, New York Noe 


The fertilized egg in which man begins his existence, if it remains alive, — 
is gradually but inexorably transformed into an embryo, infant, child, youth, 
adult, grayhead, and finally a corpse. This path or trajectory of the develop- 
ment is determined by the interaction of the genotype with the sequence of 
the environments in which the development takes place. It must be stressed 
that every portion of the trajectory is so determined—the upswing prior to” 
maturity, the mature phases, as well as the decline, senility, and the inevitable 
dissolution. This simple point needs emphasis because we geneticists often 
speak and write as though the genes each determined a discrete “‘character’” 
or “trait,” particularly of the adult state. However, the development does _ 
not proceed by gradual accretion of traits shaped by individual genes inde- 
pendently from what has gone on before or from what other genes are doing. 
The development is a highly integrated process, which may be likened to a 
symphony in which the genes are members of an orchestra rather than 
soloists. The organism is sometimes spoken of as a time-binding machine. 
This is correct as far as it goes, but I prefer to say that the organism carries : 
in it the history of its life. Its state at any given moment is determined by _ 
its preceding states, as modified by the changes in the environment and by 
the process of aging. ; 

The environment does not, however, remain absolutely constant from one 
instant to the next, nor are the environments that different individuals” 
face at a given instant ever absolutely identical. The impact on the organ- 
ism of environmental changes, or of environmental differences, causes vari- 
ations in the developmental trajectories. The fact of basic importance is” 
that these variations are not always haphazard. Many of them, far too 
many to be due simply to chance, are adaptive. Some of them allow the 
organism to continue on a developmental trajectory that is very similar to 
that which would be followed if the impact of the environment did not occur. — 
Others cause the development to be switched to an alternative path that 
fosters survival and reproduction. Walter Cannon named this ability of — 
the organism to react adaptively to environmental changes ‘‘homeostasis,” — 
and described it very felicitously as the “wisdom of the body.” : 

Homeostasis is frequently misunderstood to mean absence of change. The 
matter is much subtler. Homeostatic mechanisms maintain an approxi-— 
mate constancy only of those processes that are essential for the continuation © 
of life and of development towards successful reproduction. However, the 
constancy of these processes is attained through modification of other | 
processes. The maintenance of a constant body temperature is a good 
example. Our temperature is approximately constant despite variation of 
the temperature of the environment; this is possible because of such factors” 
as changes in the state of the sweat glands and dilation or constriction of 
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the superficial blood vessels. A genotype that would cause the sweat glands 
_to function at a constant rate at different temperatures would not yield a 
“homeostatic mechanism. 
_ Furthermore, the “wisdom of the body” is not an inherent property of life 
that would permit the body to be wise in all environments and at all stages 
of the development. The wisdom is limited to those environments that the 
“species has frequently encountered in its evolutionary history. No one has 
_ put this better than Schmalhausen. The body reacts to environmental - 
changes that are “normal” in the above sense by adaptive modifications; 
“it reacts to environmental agents that the species has rarely or never encoun- 
- tered in its history or to abnormal intensities or the customary agents by 
morphoses. Morphoses are adaptively ambiguous. They may be useful, 
or neutral, or definitely harmful. Substances to which our body reacts by 
~ very harmful morphoses are called poisons. We possess defense mechanisms 
against the ultraviolet, but not against higher energy radiations. Our 
homeostatic mechanisms function successfully within a certain range of tem- 
peratures, but we freeze at lower temperatures and suffer burns at higher 
ones. Modifications, as well as morphoses, are evidently conditioned by the 
_ genotypes of the reacting organisms; adaptive as well as inadaptive responses 
are equally within the norms of reactions of the human genotypes. 
Homeostasis is not the gift of a good fairy, it is a product of natural selec- 
tion. Homeostatic mechanisms have arisen and have become perfected in 
evolution because they increased the adaptive values of the genotypes that 
conditioned them. Natural selection is, however, opportunistic. It cannot 
_ adapt the species to environments that do not yet exist. The opinion of some 
~ philosophers that the actions of living things are always directed toward the 
future is not valid. When the environment of a species changes rapidly, as 
that of mankind has been doing for the last ten to twenty thousand years, 
_ the adaptedness of its genotypes lags behind the times. The biological func- 
~ tion of human culture lies in the fact that the faculty for transmitting learned 
- knowledge is a nimbler adaptive mechanism than the genetic change in the 
- biological evolution is or can be. Nevertheless, the frequent bodily, and 
_ especially mental, breakdowns in civilized societies may mean that in our 
species the evolution of homeostatic mechanisms has lagged behind the 
biological need for them. 
. Another limitation of the homeostatic mechanisms is that some of them 
~ function most efficiently during youth and maturity and tend to deteriorate 
during the autumn of life. Senility brings frail health and a lowered capacity 
for recuperation after physical or mental exertion. This is as it should be 
if homeostasis is fashioned by natural selection. Indeed, the adaptive value 
of a genotype is measured by the contribution that its carriers make to the 
- gene pool of the succeeding generation, in relation to the contributions of 
ame Mendelian population. It follows that the 
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selection, accordingly, is erecting most efficient adaptive mechanisms ‘a 
operate during the springtide of life. Conversely, natural selection does not — 
counteract the spread of genotypes that hasten the decay of the organism 
after the close of the reproductive age. Hence senility, with its “thousand 
natural shocks that flesh is heir to.’ 4 

An objection may be raised that the above argument attempts to prov 
too much. After all, animals do not die immediately after their youngest © 
progeny has been born, or when this offspring has reached maturity and 
become independent. Sune animals manage to go on living for some 
time afterward. I like to use the following analogy to counter this objection. 
Some cheap watches are sold with a “guarantee” that they will function for 
a year, or for three months, or for some other period. However, most of 
these watches continue to function for some time—occasionally for a con- 
siderable period—after the expiration of the guarantee. Surely, this is not 
surprising, since a watch designed to stop running immediately after the 
expiration of the guarantee period would have to be a very precise mecha- - 
nism, difficult and expensive to make. Some of us old-timers are, then, like 
the cheap watches that continue ticking beyond their guaranteed time. 
Natural selection could act to dispose quickly of the postreproductive vet- 
erans only if their continuing existence were injurious to the reproductive 
success of the younger members of the population. Even then, it would 
- have to be a so-called second-order selection, which is likely to prove a rather 
inefficient and slow process. There is no stimulus for such a selection as 
long as the presence of the superannuated members of the population can in 
any way benefit the population as a whole. 

The customary dichotomy of hereditary and environmental disease does 
not withstand a critical examination. Health and disease are conditions | 
of the phenotype, not of the genotype. Any disease or infirmity is in a very 
real sense hereditary, since it represents a response of a human genotype to 
some environment. The common cold is a human disease, and it does not, 
as far as is known, afflict cats, or mice, or canary birds. Tt i is perhaps less 
evident that any disease is also environmental. Hereditary diseases are not : 
necessarily incurable; in principle, any deviation from an adaptive develop-§ 
mental path could be corrected by some treatment, although for many heredi-_ 
tary diseases such treatments are as yet unknown. Any “treatment” | 
comes, of course, from the environment. 

A distinction that is more meaningful than that between “pereitay” 
and ‘“‘environmental”’ traits is the difference that exists between the adaptive 
norm of a species and its aberrant members. However, it must be stated 
at the outset that this distinction is not an absolute one and that intermedia 
situations occur. The adaptive norm of a species is composed of an array 
of genotypes. These genotypes share the common property of engendering 
developmental paths that are homeostatically buffered against environ-— 
mental variations that occur more or less frequently i in the habitats where © 
the species lives. In populations of any species that is not on the verge 
of extinction, the adaptive norm comprises a majority of individuals. All 

“normal” and healthy persons are included in the adaptive norm of the 
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human species. It is to be noted, however, that they are carriers of many 
different genotypes, not of only one “normal,” “typical,” or “ideal” one. 
Apart from the adaptive norm, the populations of probably all sexually 
“reproducing species contain also some aberrant genotypes, which constitute 
the “genetic loads” of these populations. The genetic load consists of 
‘mutant genes and other genetic variants that incapacitate their carriers 
‘in various ways, and they do so in the environments in which the species 
usually lives. These environments are thus ‘“‘normal” for it. 

It should not be imagined that the carriers of the aberrant genotypes are 
always ailing, whereas the adaptive norm is always sound and strong. The 
- former may benefit by living in certain special environments. On the other 

hand, no genotype possesses a preternatural ability to resist all environ- 
“mental hazards. The carriers of genotypes that are adaptively superior 
under most conditions may be infirm in environments that are unhealthful 
for them. Most, perhaps all, people are susceptible to infection by syphilis, 
"malaria, and some other pathogens and parasites. Pathogens and parasites 
are environmental agents, to which our species has not acquired in the 
_ process of its evolution a built-in resistance. 
_ We may use an even cruder example. Man does not possess natural 
~ defenses against many kinds of mechanical injuries such, for example, as 

those that a turtle withstands easily when it withdraws into its carapace. 
- I am not one of those who value consistency above common sense, but I 
_ submit that an analysis of the relationships between the genotype and the 
_ phenotype leads to some conclusions that, at first sight, may seem strange. 
- Our genes make us less resistant to skin cuts and abrasions than are turtles 
or pachydermatous mammals. Some aberrant human genotypes are, 
however, even more sensitive. As shown by Dean, possessors of the human 
- genotypes that include the gene for the disease known as porphyria suffer 
~ more frequent and more painful skin abrasions than do possessors of geno- 
types free of this gene. 
_ The adaptive norm may thus yield infirm phenotypes in unfavorable 
environments with which the homeostatic mechanisms lack the capacity to 
~ cope. Another source of infirmity that is compatible with the possession 
of a superior genotype is the process of aging. As pointed out above, the 
' phenomenon of senility is not inconsistent with high fitness in the evolu- 
tionary sense. Infirmities of old age are not. necessarily discriminated 
against by natural selection. This may be regarded-as the basic postulate 
of gerontological genetics. Senility and death are epilogues of the develop- 
- mental paths engendered by the genotypes that constitute the adaptive 


- norm of the species. 
[I must now digress briefly into Drosophila genetics. One of the salient 
” characteristics of many Drosophila mutants is a high variability of their 
__ phenotypic expression, compared to that in the wild flies of the same species. 
For example, the eyes of normal flies vary relatively little in either shape or 
_ size, especially among individuals of about the same general body size. By 
contrast, the mutant eyeless has eyes varying all the way from none at all to 
almost normal in size, and, in addition, frequently quite different eyes on the 
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two sides of the head. As a matter of fact, the mutants used in classic 
genetic experiments were hand-picked for relatively low variability, and 


especially for lack of phenotypic overlaps with the wild-type condition. — 


Most mutants that arise in Drosophila cultures do not fulfill these desiderata, 
and usually they are dispatched down the drain. 


More recent studies on natural populations of Drosophila have disclosed — 


that homozygosis for many, in fact for most, chromosomes found in wild 
populations leads to losses of viability or of fertility (such homozygotes, 
carrying certain “wild” chromosomes in duplicate, can be obtained in labora- 
tory experiments with the aid of certain techniques that cannot be considered 
here). A possible way to describe this situation is to say that most wild 
chromosomes carry various recessive mutants with deleterious effects in 
homozygotes. Now, one of the remarkable properties of these subvital 
homozygotes lies in the fact that their rates of survival are often quite 
variable and sensitive to changes in the environment. The adaptive norm 


of the species is, then, homeostatically buffered against a certain range of — 


environmental variations. It has been made so by natural selection. 
Mutants and genotypes that carry in duplicate “wild” chromosomes are 
often deficient in homeostatic adjustment. These mutants and homozygotes 
are rare in nature; they do not belong to the adaptive norm of the species; 
natural selection has not equipped them with homeostatic defenses. 

A basically similar situation is found when we consider the postrepro- 
ductive stages of the adaptive norm in man. The condition known as. 
“senility” isa highly variable one. Vigor and vitality may be retained until 


an advanced age, and may ebb only slowly. On the other hand, some bodily _ 


function may go conspicuously into decline. It may be the circulatory 
system, or the kidney function, or the brain, or a neoplastic growth may arise. 
Such a high and irregular variability is characteristic of developmental 
trajectories not directly controlled or regulated by natural selection. This 
does not mean, of course, that human variability during postreproductive 
years is independent of the differences between the various genotypes that 
constitute the adaptive norm of the human species. 
As pointed out above, the concept of the adaptive norm does not by any - 
means imply that all so-called normal men are either genotypically or pheno- 
typically alike or react similarly to environmental variations. The adaptive 
norm is an assemblage of diverse genotypes. This diversity furnishes the 
creative leaven of human evolution. Far from being a curse, the diversity 
enhances the adaptive value of human populations. However, the genotypes 
that constitute the adaptive norm share an important property. They 
engender developmental paths that, during the prereproductive and repro- : 
ductive phases, are homeostatically buffered against a certain range of 
environmental variations. Individuals may differ in body build, in physio- 
logical, biochemical, and psychological traits. Inasmuch as they belong to 
the adaptive norm, however, they are fit to survive in many kinds of environ- 
ments. People can become accustomed to different diets, trained to do — 
different work, acclimatized in different geographical regions, or can adopt 
different ways of life. The adaptive norm of our species is highly versatile. 
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The adaptability and plasticity are, however, reduced with age. The 
homeostatic buffering against environmental shocks is weakened during the 
postreproductive phase. The genetic situation, however, is extremely 
complex. Consider, for example, a genotype that is advantageous to its 
' carriers during the prereproductive and reproductive periods. Such a geno- 
type will be favored by natural selection even if it causes loss of health and 
suffering during the postreproductive life. Conversely, a genotype that 
lowers the reproductive fitness will be discriminated against by selection 

even if it is conducive to vigorous old age. The mean longevity in most 
‘human societies has risen sharply in recent times. As recently as 1838 the 

average longevity of London “gentlemen” was close to 44 years, of trades- 

men 26, and of mechanics, servants, and laborers 24 years. Since only a 
_ minority of the population survived even to the end of the reproductive 
span, the pressure of natural selection had to be concentrated to secure the 
fitness of the prereproductive and the early reproductive periods. 

Human social life introduces further complications. Haldane has pointed 
out that natural selection may either favor or hinder the prolongation of life 
during the postreproductive phase. This depends upon whether the presence 
of oldsters redounds to the benefit of the younger members of the society. 
All these genetic and evolutionary factors work toward increased variability 
_ during the postreproductive years. It is a plausible and testable working 
hypothesis that genetic differences that cause relatively minor variations 
- during childhood and adult life may force the processes of senescence to take 
divergent paths. For a long time the possession of different blood antigens 
seemed to be adaptively inconsequential. The blood groups seemed to be 
“neutral” traits. Recent work by a number of investigators suggests, 
however, that some forms of duodenal and stomach ulcers, and perhaps also 
susceptibility to certain carcinomas, may occur more often in the carriers of 
~ some blood groups than of others. Since these diseases affect mainly the 

postreproductive and late reproductive ages, their influence on the selective 
values of the genotypes that are relatively immune or susceptible to them may 
~ not be great. However, this does not make them any less important from 
~ the standpoint of public health. The same may be true of the constitutions 
that predispose to excessive deposition of fat and to obesity and, incidentally, 
to certain disorders of the circulatory system. 
+ Only a brief consideration can be given here to the tremendous problem 
of deviations from the adaptive norm, that is, to what are usually referred 
to as hereditary defects and diseases. Human populations, like populations 
of Drosophila, carry genetic loads of more or less sharply deleterious genetic 
variants. These loads are constantly being reduced by natural selection 
and replenished by the mutation process. Certain factors operative in 
advanced industrial societies, especially the misuse of X rays and of atomic 
energy, increase the mutation rates, and therefore the genetic loads. It is 
very probable that man, like Drosophila, has also many genetic variants 
that increase the fitness of the heterozygotes, but that are injurious, or even 
lethal, in homozygotes. The genetic load manifests itself on the phenotypic 
level in the occurrence of congenital and constitutional defects and diseases. 
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The fact that the deviations from the adaptive norm afflict the prerepro- 
ductive and reproductive stages is crucial from the standpoint of evolutionary 
genetics. This does not mean that hereditary diseases are, as the man mM 
the street usually supposes, incurable. The deviants from the adaptive 
norm make their carriers develop defective or morbid phenotypes in the 
normal environments, that is, in the environments in which the reproductive 
norm of its species results in high fitness. In other words, the deviations — 
from the adaptive norm yield developmental paths that are deficient in — 
homeostatic buffering against normal environmental variations during the 
prereproductive and reproductive years. : 
Some of the deviant genotypes are nevertheless able to produce satisfactory _ 
fitness if placed in special environments. Thus, genetically determined 
diabetes mellitus is ‘‘cured” by insulin injections. It is cured in the sense” 
that insulin injections modify the phenotype in the direction of high fitness. _ 
Insulin certainly does not alter the diabetic genotype. The lesson to be — 
drawn from this is that different human genotypes may require different ~ 
environments for the optimal development of the phenotypes that they 
produce. Some genotypes require for this purpose special environments 
that can be provided only with the aid of modern medicine and technolo 
To put it differently, the deviant genotypes lack the environmental versatility : 
of the adaptive norm. ; 
Certain experiments made in Drosophila are interesting in this connection. — 
Reference has been made above to the fact that flies homozygous for chromo- 
somes sampled from natural populations are very often weak, sterile, or 
even inviable. The flies in their natural habitats are usually heterozygotes, _ 
the two chromosomes of each pair differing in their gene contents. Experi- i 
ments have now been made exposing the same homozygotes and hetero- — 
zygotes to different environments. Most heterozygotes proved to be highly — 
and uniformlly viable in all the environments tested. Their homeostatic — 
buffering is well developed. The behavior of the homozygotes was quite 
variable. Some few of them showed very high viabilities in certain environ- — 
ments, in fact higher than the average of the heterozygotes. However, not ; 
one of the homozygotes tested was “‘supervital’”’ in all the environments. — 
Normal or superior viability in one environment usually contrasted with poor 
viability in other environments. Many homozygotes were, of course, weak © 
in all the experimental environments. Whether environments could be 
found in which these homozygotes would show vigor is a moot point. What 
seems to be characteristic of homozygotes in Drosophila, and possibly in 
other sexually reproducing and cross-fertilizing organisms, is not so much a 
low fitness as a deficient homeostatic buffering. Homozygotes are more 
often poorly viable than heterozygotes precisely because the latter do and © 
the former do not possess environmental versatility. j 
Just why should heterozygosis so often improve and homozygosis weaken 
the homeostasis is one of the most intriguing problems of population genetics. 
Wallace recently discovered that the viability of inbred homozygotes in 
Drosophila is slightly, but significantly, improved by having one of the 
chromosomes of a pair undergo a mild X-ray treatment. The full import 
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of this discovery is not yet clear. It appears to mean that, under certain 
conditions, the average viability is enhanced by heterozygosis for newly 
‘induced mutations (here a caveat: This finding certainly does not mean that 
_X-ray-induced mutations tend to be useful!). It is obviously urgent to 
‘investigate the effects of heterozygosis for newly induced mutations on the 
“viability of outbred lines in Drosophila and in other sexual cross-fertilizing 
forms, to inquire into the effects of such mutations on the viability of regu- 
larly self-fertilizing species, and to compare the effects of these mutations 
when heterozygous and when homozygous. In this field we may be on the 
threshold of major discoveries. 
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